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Summary

The integrated management of Fusarium head blight (FHB) on wheat depends on the
implementation of agricultural practices, cultivation of resistant varieties, and fungicides
application. Reducing yield losses and mycotoxin contamination caused by FHB on wheat
requires fungicides application at a suitable time during the pathogenicity. This, in turn, needs
accurate monitoring for disease incidence under field conditions to support the decision-
making strategy to apply fungicides. In addition, the development of resistant variety demands
screening of a large number of wheat entries for several years of the selection process.
Furthermore, it needs mycotoxin quantification in wheat kernels of the advanced lines at the
later stages of the breeding program. This research investigated the feasibility of optical sensors
i.e. hyperspectral imaging (HSI), infrared thermography (IRT), and chlorophyll fluorescence
imaging (CFI) to monitor FHB infection on wheat. In addition, it aimed at designing an
automated model to rank wheat varieties according to their resistance to FHB based on HSI
data. Moreover, it investigated the applicability of HSI to assess Fusarium infection and
mycotoxin contamination in wheat kernels and flour. As well as the effect of infection timing
on fungal development and mycotoxin contamination in wheat kernels.

The results of this research showed that optical sensors proved to be an effective tool to detect
FHB infection on wheat spikelets and to follow the damage of Fusarium on wheat spikes. IRT
was most sensitive to identify the early response of wheat to FHB infection followed by HSI
and CFI. The combination of IRT-HSI led to superior accuracy during the pathogenicity.

The results proved also the possibility for automatic ranking of wheat varieties according to
their resistance to FHB based on the spectral vegetation indices (SVIs) derived from HSI. In
addition, HSI showed feasibility to screen wheat kernels and flour for Fusarium infection and
mycotoxin contamination. Combining these tools will accelerate the phenotyping and support
the decision-making process in breeding programs by providing objective information about
wheat resistance to FHB and mycotoxin contamination in wheat kernels and flour.

This study demonstrated that Fusarium graminearum grows from the inoculation site
downward. Moreover, it showed that F. graminearum can infect wheat spikes and cause
deoxynivalenol (DON) contamination in wheat kernels not only at anthesis but also later stages
of kernel development. In addition, it showed that infection timing plays a significant role in
fungal growth and DON contamination. DON contamination was confined to the colonized
kernels. Variety resistance and DON content have a close effect on DON detoxification in
infected wheat kernels.

The results of the current work showed that optical sensors, mainly IRT and HSI are promising
tools to monitor FHB infection on wheat. These tools can be used to prevent quality and
quantity losses caused by FHB in wheat yield. Besides, the results showed the feasibility of
HSI to phenotype wheat resistance to FHB on the spike scale as well as to phenotype FHB
infection and mycotoxin contamination on the kernel scale. This would be an effective
advantage to accelerate the phenotyping process in the breeding programs. The results
emphasized that the masked mycotoxin deoxynivalenol-3-glucoside should be legislated and
monitored during the food and feed processing due to the high levels of this mycotoxin even
with the late infection with FHB.

Xl



Zusammenfassung

Das integrierte Management der Ahrenfusariosen (FHB) an Weizen beinhaltet landwirtschaftlichen
Praktiken, Kultivierung von resistenten Sorten und Fungizid- Behandlungen. Die Reduzierung von
Ertragsverlusten und der Mycotoxin-Belastung durch FHB an Weizen erfordert eine Fungizid-
Behandlung in einem engen Zeitfenster wéhrend der Pathogenese. Hierfur ist eine akkurate
Uberwachung des Krankheitsbefalls im Freiland entscheidend, um den Zeitpunkt der Fungizid
Behandlung zu unterstitzen. Fir die Entwicklung von resistenten Sorten wurden im Selektionsprozess
Uber mehrere Jahre eine hohe Anzahl an Tochterpflanzen untersucht. In der Endphase des
Zuchtungsprogrammes wird eine Mycotoxin-Quantifizierung der Weizenkdrner vorgenommen. In
dieser Arbeit wurde die Eignung von optischen Sensoren flir Hyperspektrale Bildgebung (HSI), Infrarot
Thermografie (IRT) und ChlorophylIfluoreszenz Bildgebung (CFI) zur Uberwachung des FHB Befalls
an Weizen untersucht. Zusétzlich zielten die Untersuchungen auf den Entwurf eines automatischen
Models, basierend auf den HSI Daten, fir die Einordnung von Weizen Sorten nach ihren FHB
Resistenzen ab. Auflerdem wurde an der Anwendbarkeit des HSI zur Beurteilung der Fusarium-
Infektion und Mycotoxin-Belastung an Weizenkdrnern und Weizenmehl geforscht. Anschlielend
wurde der Effekt des Infektionszeitpunktes an der Pilzentwicklung und der Mycotoxin-Belastung an
Weizenkdrnern untersucht.

Die Ergebnisse der Forschung zeigten, dass die optischen Sensoren effektive Werkzeuge fir die
Detektion des FHB Befalls an Weizen Ahrchen sowie die Nachverfolgung an Weizen Ahren sind. IRT
war sensitiver als HSI und CFI fiir die Identifizierung von friihen Reaktionen des Weizens durch die
FHB-Infektionen. Die Kombination von IRT und HSI flhrte zu einem hohen Mall an Genauigkeit
wahrend der Pathogenitét.

Die Ergebnisse zeigten, dass eine automatische Einordnung von Weizen Sorten nach ihrer Resistenz
gegen FHB, basierend auf den spektralen Vegetationsindizes (SVIs), abgeleitet von den Bildern der
HSI, moglich ist. Durch die HSI 1&sst sich das selektieren von mit Fusarium-infizierten und Mycotoxin
belasteten Weizenkornern und Weizenmehl realisieren. Die Kombination dieser Werkzeuge
beschleunigt die Phénotypisierung und unterstiitzt die Entscheidungsfindung im Ziichtungsprogramms.
Die vorliegende Arbeit konnte zeigen, dass Fusarium graminearum ausgehend von der Stelle der
Inokulation nach unten wachst. Weiterhin wurde gezeigt, dass F. graminearum Weizenédhren nicht nur
wahrende der Anthese infizietn und Deoxynivalenol (DON) Kontamination in Weizenkdrnern
verursachen kann, sondern auch, wenn die Inokulation zu einem spateren Zeitpunkt der Korn-
Entwicklung stattfindet. Der Zeitpunkt der Infektion spielt eine signifikante Rolle flir das Pilzwachstum
und die DON Kontamination. Die DON Kontamination war auf kolonisierte Weizenkdrner begrenzt.
Sortenresistenz und DON Gehalt haben einen direkten Einfluss auf die DON Detoxifikation in
infizierten Weizenkdornern.

Die Ergebnisse der vorliegenden Arbeiten zeigten, dass optische Sensoren, hauptsachlich IRT und HSI,
vielversprechende Instrumente zur Uberwachung der FHB-Infektion bei Weizen sind. Diese
Instrumente kdnnen eingesetzt werden, um durch FHB verursachte Qualitats- und Mengenverluste im
Weizenertrag zu verhindern. AuBerdem zeigten die Ergebnisse die Eignung von HSI zur
Phanotypisierung der Weizenresistenz gegen FHB auf der Ahrenskala sowie zur Phénotypisierung der
FHB-Infektion und Mycotoxin-Belastung auf der Kornskala. Dies kann ein effektiver Vorteil sein, um
den Phénotypisierung in den Zuchtungsprogrammen zu beschleunigen. Die Ergebnisse verdeutlichten,
dass das maskierte Mycotoxin deoxynivalenol-3-glucoside aufgrund der hohen Konzentrationen dieses
Mycotoxins auch bei der spdten Infektion mit FHB gesetzlich geregelt und wahrend der Lebens- und
Futtermittelverarbeitung tiberwacht werden sollte.

Xl



INTRODUCTION

1. Introduction

Wheat is an essential food around the world, in addition to its use as feed and fiber for livestock
and energy production. It is the first crop in the world with a harvested area of 220 million
hectares/year and a production of 714 million tons/year (average of 10 years). During the last
decade, the wheat yield reached 3252 kg/ha with an average increase of 436 kg/ha than the
previous decade (FAO 2020). The genus wheat (Triticum L. 1753) is a member of the grass
family Poaceae with two cultivated species: the tetraploid durum wheat Triticum durum 2n =
28 with the genome set AABB and the hexaploid bread wheat Triticum aestivum 2n = 42 with
the genome set AABBDD (CABI 2020). Wheat yield is affected by biotic and abiotic stresses;
this is mediated by the environmental conditions and the genetic prevalence. Among biotic
stresses, pathogens (i.e. fungi, viruses, and bacteria) may contribute to average global losses of
21.5% of wheat yield (Savary et al. 2019).

Fusarium head blight (FHB) is one of the most relevant fungal diseases of wheat associated
with different fungal species from the genus Fusarium (Parry et al. 1995; Summerell 2019).
FHB causes significant losses in wheat yield because affected grains are small, shrunken, of
low mass and quality, and contaminated with mycotoxins which are harmful to humans and in
animal nutrition (McMullen et al. 2012). The main mycotoxins produced by Fusarium species
are trichothecenes, zearalenones, fumonisins, and the emerging toxins i.e. beauvericin,

enniatins, fusaproliferin, and moniliformin (Ferrigo et al. 2016).

Because of the high toxicity of Fusarium mycotoxins and its effect on wheat yield, it is
important to integrate plant protection practices such as crop rotation, resistant varieties, and
cultural practices up to the application of fungicide within the management strategy. To
safeguard wheat yield and to produce products with high quality especially, the application of
fungicides is necessary under certain environmental conditions. To apply suitable fungicides
successfully, it is important to look for new methods to predict and early detect FHB epidemics
on cereals (Mabhlein et al. 2018). This will be essential in making the decision to apply

fungicides at a suitable time of infection.

Besides direct control, a highly effective strategy to control FHB is breeding varieties with
appropriate resistance against this disease complex. Effective cultivar development needs
interdisciplinary research, integrating plant breeding, phytopathology, and informatics. It also
needs precise and innovative methods for identifying and characterizing disease symptoms in

an early stage of pathogenicity (Furbank and Tester 2011). Because conventional

1



INTRODUCTION

characterization of host plant genotypes is laborious, time-consuming and cost-intensive this
is a limiting factor in plant breeding programs. Here, proximal sensing with optical sensors is
a promising characterizing method. Various sensors are suitable for detection, identification,
and quantification of plant diseases like thermography, fluorescence, and spectral sensors
(Mahlein 2016). Recently hyperspectral imaging showed efficiency as a precise and non-
destructive tool in characterizing cereal resistance to fungal diseases, e.g. powdery mildew in
barley (Kuska et al. 2017; Thomas et al. 2017); quantifying wheat resistance to FHB (Alisaac
et al. 2018), and combined with thermography and chlorophyll fluorescence for early detection

and monitoring of FHB development on wheat (Mahlein et al. 2019).

The host-pathogen interaction of Fusarium spp. and wheat plants is highly influenced by the
pathogen virulence as well by the host plant resistance. This leads to detectable differences in
the optical properties of the host plant according to its resistance. It is expected that specific
regions of the electromagnetic spectrum are influenced depending on the host resistance or at
least correlated with host plant resistance, in addition to changes in the host plant temperature
and chlorophyll apparatus activity. The detection of these subtle differences demands specific
sensors combined with precise data analysis methods. To prove this hypothesis; hyperspectral
cameras in the visible-near infrared range (VIS-NIR) 400-1000 nm and the short-wave infrared
range (SWIR) 1000-2500 nm and thermal camera in the spectral range 7500-14000 nm were
used in this study. Mainly, in monitoring and quantifying Fusarium infection on different wheat
varieties with different degrees of disease resistance and to assess Fusarium infection and

mycotoxin contamination in wheat kernels and flour.

2. Objectives

1. To reveal the best performance in disease monitoring using individual or combination
of different sensors datasets (i.e. thermal, fluorescence, and hyperspectral imaging)
supported by machine learning approach.

2. To design a method based on spectral reflectance data for ranking wheat varieties
according to their resistance to FHB by reproducing the area under disease progress
curve (AUDPC) depending on the data derived from VIS, NIR, and SWIR ranges.

3. To assess Fusarium infection and mycotoxin contamination in wheat kernels and flour
using hyperspectral imaging.

4. To investigate the effect of the infection timing on disease development and mycotoxin

accumulation in wheat spike.



LITERATURE REVIEW

3. Literature Review
3.1. Fusarium Head Blight

Fusarium head blight is also known as Fusarium ear blight or scab was first described in
England by Smith (1884) as a new disease of wheat, barley, and ryegrass, attributing the
infection to the casual agents Fusisporium culmorum, hordei and Lolii W.Sm. It was recorded
as an important disease in the USA at the end of the 19" century. By the beginning of the 20"
century, FHB was known in wheat production regions worldwide (Parry et al. 1995). In the
1990s, McMullen et al. (1997) characterized it as a re-emerging disease due to the frequent
epidemics on wheat in the USA and Canada from 1991-1996. They assigned this to the
fundamental changes in agricultural practices mainly reduced tillage. FHB is also known as a
disease complex since more than one species from the genus Fusarium are involved in this
disease in addition to two species from the genus Microdochium (Xu et al. 2008). The main
difference between the both is that Fusarium species produce a wide spectrum of mycotoxins

while Microdochium species do not produce mycotoxins (Xu et al. 2008).

3.1.1. Pathogen Taxonomy

Since 2013, and after the changes in the International Code of Nomenclature for fungi, the
name Fusarium was recognized as a unique name for all species including teleomorphs, which
means that the name Gibberella and other names are not accepted anymore to indicate to the
sexual stage of these pathogens (Geiser et al. 2013). The following scheme shows the
taxonomical position of the genus Fusarium and Microdochium according to MycoBank 2019
(Figure 1).

3.1.2. Fusarium Species Involved in FHB

Fusarium graminearum is the main pathogen of FHB worldwide (Haile et al. 2019; McMullen
et al. 2012; Summerell 2019; Torres et al. 2019). However, different studies showed that other
Fusarium species may contribute significantly to this disease in different areas of the world
with different climate conditions. For example, F. graminearum, F. culmorum, F. avenaceum,
F. poae, F. tricinctum, and M. majus were the dominant species in Europe (Nielsen et al. 2014;
Oerke et al. 2010; Spanic et al. 2010). In Canada, F. avenaceum, F. equiseti, F. graminearum,
F. poae, and F. sporotrichioides were the most frequent species during the last two decades
(Xue et al. 2019). Alkadri et al. (2013) recovered different Fusarium species from wheat in

Syria. Table 1 shows the Fusarium species involved in FHB.
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Kingdom Fungi
Subkingdom Dik;rya
Division Asconl1yc0ta
Subdivision Pezizorrllycotina
Class Sordariolmycetes
Subclass Hypocreolmycetidae XyIariorrllycetidae
Order HypO(I:reaIes Xylalriales
Family Nectrliaceae Microdolchiaceae
Genus Fusalrium M icrodlochium

Figure 1. Taxonomical position of the genus Fusarium and Microdochium according to
Mycobank database, 2019.

3.1.3. Life Cycle and Pathogenesis

Fusarium head blight is a monocyclic disease. The pathogen survives in the debris of the
former crop as macroconidia or within sexual structures called perithecia as ascospores; or as
asexual spores called macroconidia or microconidia for the species that have only anamorph
stage. These spores are considered the primary inoculum of the disease. In addition,
gramineous and non-gramineous weeds are not only a host range of Fusarium but also, they
can serve as an alternative host and source of inoculum. At wheat anthesis which is the
susceptible stage for infection, and in favorite weather conditions; the inoculum is blown by
the wind or splashed by rain and lands on open spikelets (Figure 2). On the spikelet tissue, the
spores germinate and produce germination tubes (Dong et al. 2020; McMullen et al. 2012;
Mourelos et al. 2014; Suproniene et al. 2019; Torres et al. 2019; Trail 2009). After germination,
the fungal hyphae spread on the surface of the ovary, palea, and lemma and start to produce
mycotoxins without penetrating the spikelet tissue. Thereafter, the pathogen penetrates the host
tissue starting a biotrophic infection with an intercellular growth in the spikelet and turns to the
necrotrophic stage with inter- and intracellular growth laterally and vertically within the spike.
During this stage of pathogenicity, mycotoxins accumulate in the spike tissue as well as in the
kernels reducing the crop yield and quality (Brown et al. 2010; Divon et al. 2019; Kang and
Buchenauer 1999).
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Figure 2. Disease cycle and survival of Fusarium head blight causal agents on wheat (Trail
2009).

3.1.4. Symptoms

The first symptoms appear as water-soaked spots on the infected spikelets; these symptoms
develop to necrosis and in an advanced stage, the infected spikelets become bleached. The
bleaching spreads to cover the entire spike resulting in premature whiten wheat heads. Under
warm and humid weather conditions pinkish-red mycelium appears on the infected tissue. The
kernels resulted from the infected spikes are known as tombstones because they are light in
weight, shriveled, discolored with a pinkish or chalky appearance, and poor quality (Dweba et
al. 2017; McMullen et al. 1997; 2012, Scherm et al. 2013; Trail 2009). However, some less
virulent pathogens like F. poae may cause infection and result in high levels of mycotoxin
contamination in the infected kernels without detectable symptoms on the spikelets or the
(Stenglein 2009; Stenglein et al. 2014).
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Table 1. Fusarium and Microdochium species involved in Fusarium head blight on wheat with their teleomorph and mycotoxin profile.

Mycotoxin profile

Trichothecenes

Emerging Toxins

_|
% Trichothecenes A Trichothecenes B NoJ I n oz
Pathogen 3 £ 8 3 m ¥ & 3 Reference
o T [ ® I o S v B S
R z z 2z 2z 9 3» & £ 3 2 2 3 5 8 5
=y N > Z > © 2 5 o 2 3
=+ m X X O O - [ = 3 =
S g &858 0% & 2088< 23887 3 a3 3
5 5 Z =z < > = >
. . (Beccari et al. 2019; Bottalico and
F. acuminatum Ellis & Everh. + o+ + + + + * Perrone 2002: Marin et al. 2012)
(Beccari et al. 2018a; Beccari et al.
F. avenaceum (Fr.) Sacc. + + 4+ + 2019; Bottalico and Perrone 2002;
Glenn 2007)
F. crookwellense L.W. Burgess, P.E. (Bottalico and Perrone 2002; Chandler
Nelson & Toussoun synonym F. - + o+ 4+ et al. 2003; Glenn 2007; VVesonder et al.
cerealis (Cooke) Sacc. 1991)
(Alisaac et al. 2019; Alkadri et al.
2013; Basler 2016; Kang and
F. culmorum (W.G. Sm.) Sacc. i S A Buchenauer 1999; Pasquali et al. 2016;
Siou et al. 2015a)
L (Alkadri et al. 2013; Covarelli et al.
F. equiseti (Corda) Sacc. + + + + + 0+ o+ + 2015a: Marin et al. 2012)
(Alisaac et al. 2019; Alkadri et al.
. 2013; Beccari et al. 2019; Crippin et al.
F. graminearum Schwabe * S A A 2019; Lofgren et al. 2018; Siou et al.
2015a; Varga et al. 2015)
F. lateritium Nees + + (Jestoi 2008; Stanciu et al. 2017a)
F. oxysporum Schitdl. - + +  (Ferrigo et al. 2016; Shi et al. 2017)
(Beccari et al. 2018a; Beccari et al.
F. poae (Peck) Wollenw. -+ + + o+ + o+ + o+ 2019; Covarelli et al. 2015a; Covarelli

et al. 2015b; Ferrigo et al. 2016)
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Mycotoxin profile

Trichothecenes

Emerging Toxins

_|
% Trichothecenes A Trichothecenes B N é" I n oz
Pathogen 3 = 8 3 m ¥ 5 3 Reference
o ] =, o S Y] b} =}
s A 3 © & >z 5 3 3 £ % =
S v b o 2 zZ2 Z2 Z2 9 » 3 =z > o 2 & 3 o =
o+ m X X O = Q S @ 3 =
S g &8 0% 62388 < 238857 3 a3 3
5 = z > < 5 3z 5
=}
F. proliferatum (Matsush.) + + o+ o+ o+ o+ 4 (Beccari et al. 2018a; Guo et al. 2014,
Nirenberg 2018)
. (Beccari et al. 2018a; Fraeyman et al.
F. sambucinum Fuckel + 0+ o+ o+ o+ o+ + + 4+ + 2017: Jestoi 2008)
F. semitectum Berk. & Ravenel - + + (Barros et al. 2012; Ezekiel et al. 2008)
L i (Beccari et al. 2018a; Covarelli et al.
F. sporotrichioides Sherb. + + + 4+ 4+ + + + 4+ 2015a: Nazari et al. 2014)
F. subglutinans (Wollenw. & . . )
Reinking) P.E. Nelson, Toussoun & + + + + o+ (Ferr_lgz%g; al. 2016; lgor et al. 2019;
Marasas Jestol )
F. tricinctum (Corda) Sacc. + + +  (Beccari et al. 2018a)
F. verticillioides (Sacc.) Nirenberg + 4 4 (Ferrigo et al. 2016; Mylona et al.
synonym F. moniliforme J. Sheld. 2019)
Microdochium nivale var. nivale
(Fr.) Samuels & I.C. Hallett * (Xu etal. 2008)
Microdochium nivale var. majus + (Xu et al. 2008)

(Wollenw.) Samuels & I.C. Hallett

diacetoxy-scirpenol (DAS); monoacetoxy-scirpenol (MAS); neosolaniol (NEO); deoxynivalenol (DON); 3-acetyl-deoxynivalenol (3-ADON); 15-
acetyl-deoxynivalenol (15-ADON); nivalenol (NIV); 4-acetyl-nivalenol (4-ANIV); zearalenone (ZEA); fusaric acid (FA); fumonisins (FUMs);
enniatins (ENS); beauvericin (BEA); fusaproliferin (FP); moniliformin (MON)
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3.1.5. Mycotoxins

Mycotoxins are secondary metabolites produced by mold fungi like Alternaria, Aspergillus,
Claviceps, Fusarium, and Penicillium. Fusarium species involved in FHB produce a wide
range of mycotoxins, mainly, trichothecenes, zearalenone, fusaric acid, fumonisins, and

emerging toxins i.e. enniatins, beauvericin, moniliformin, and fusaproliferin.

3.1.5.1. Trichothecenes

Trichothecenes are the most dominant group of Fusarium mycotoxins accompanying FHB
infection on wheat worldwide (Foroud et al. 2019). This group is split based on its chemical
structure into four subgroups A, B, C, and D (Chen et al. 2019). However, trichothecenes
produced by Fusarium spp. are A and B. The main difference between these two groups is the
presence of ketone (=0) at Cg of trichothecenes backbone in trichothecenes B while it is absent
in trichothecenes A (Foroud et al. 2019). In general, trichothecenes A are more toxic in
Animalia compared with trichothecenes B, however, in Planta, trichothecenes B are more toxic
(McCormick et al. 2011). Trichothecenes A include T-2 toxin, HT-2 toxin, diacetoxy-scirpenol
(DAS), monoacetoxy-scirpenol (MAS), neosolaniol (NEO), NX-2 and NX-3. This group is
mainly produced by F. acuminatum, F. equiseti, F. graminearum, F. poae, F. sambucinum,
and F. sporotrichioides. Trichothecenes B include nivalenol (NIV), 4-acetyl-nivalenol (4-
ANIV), deoxynivalenol (DON), 3-acetyl-deoxynivalenol (3-ADON) and 15-acetyl-
deoxynivalenol (15-ADON). Fusarium species that produce trichothecenes B are F.
acuminatum, F. crookwellense, F. culmorum, F. equiseti, F. graminearum, F. poae, F.
sambucinum, F. semitectum, and F. sporotrichioides (Table 1). Trichothecenes B are known
as a virulence factor of Fusarium spp. against wheat (Goswami and Kistler 2005; Spanic et al.
2019). However, DON is more poisonous in Planta while NIV is more poisonous in Animalia
(Ferrigo et al. 2016). The toxic effect of trichothecenes is inhibition of protein synthesis in
eukaryote by binding with 60S ribosomes (Chen et al. 2019; Foroud et al. 2019; McCormick
et al. 2011).

3.1.5.2. Zearalenone

Zearalenone is also one of the dominant Fusarium mycotoxins on wheat worldwide, it is
normally found in the same climate regions of trichothecenes (Kuzdralinski et al. 2013; Stanciu
et al. 2019; Tralamazza et al. 2016; Vogelgsang et al. 2019). Zearalenone derivatives, mainly,
zearalanone, o- and B-zearalenol, and a- and B-zearalanol could be naturally produced by

Fusarium spp. (Ferrigo et al. 2016). The main difference is the presence of ketone (=0O) at C12
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in zearalenone and zearalanone while it is hydroxyl (-OH) in a- and - derivatives (Li et al.
2019). Zearalenone is of low acute toxicity either in Planta or in Animalia compared with
trichothecenes (Ferrigo et al. 2016; McLean 1995). Fusaria involved in zearalenone production
are F. crookwellense, F. culmorum, F. equiseti, F. graminearum, F. semitectum, and F.
sporotrichioides (Table 1). In Animalia, zearalenone has an estrogenic effect by binding to

estrogen receptors which affect the sexual activities of animals (Bertero et al. 2018).

3.1.5.3. Fusaric Acid

Fusaric acid is one of the first identified Fusarium mycotoxins; it is produced by a wide range
of Fusarium species, and interestingly, by both trichothecenes and fumonisins producers (Shi
etal. 2017). It is considered as a virulence factor for different Fusaria. Fusaric acid has virulent
toxicity in Planta; however, its toxicity in Animalia is low to moderate. The toxic effects of
fusaric acid include modifying the potential of the cell membrane and inhibiting ATP synthesis
(Lopez-Diaz et al. 2018).

3.1.5.4. Fumonisins

Fumonisins were first identified in South Africa in 1988. They can be found mainly in maize
products in the warm condition regions. However, they can also be detected in other cereals
especially wheat, barley and sorghum, and other plants like soybean, asparagus, tea, and
medical plants (Alshannag and Yu 2017; Dall’Asta and Battilani 2016). Fumonisins are
polyketide hydrophilic mycotoxins and they contain a large number of derivatives. Therefore,
they are classified in four main groups A, B, C, and P. Fumonisins B is the most widespread
group and it contains the FB1 which is of high concern regarding human and animal toxicity
(Alshannag and Yu 2017; Braun and Wink 2018; Ferrigo et al. 2016). Exposure to fumonisins
causes esophageal cancer and embryonal neural tube defects in humans, leuko-
encephalomalacia in equine and pulmonary edema in pigs (Alshannaq and Yu 2017; Braun and
Wink 2018; Scott 2012). A large number of Fusarium species are involved in fumonisins
production, however, F. verticillioides and F. proliferatum are the main producers of these
toxins (Braun and Wink 2018).

3.1.5.5. Emerging Toxins

The emerging toxins of Fusarium are enniatins, beauvericin, fusaproliferin, and moniliformin
(Jestoi 2008). The presence of emerging toxins is accompanied by traditional Fusarium toxins
in cereals particularly maize, wheat, barley, and oat worldwide (Fraeyman et al. 2017; Igor et
al. 2019; Kovalsky et al. 2016; Stanciu et al. 2017a,b).



LITERATURE REVIEW

3.1.5.5.1. Enniatins and Beauvericin

Enniatins and beauvericin are cyclohexadepsipeptides with lipophilic nature (Jestoi 2008). The
main chemical derivatives of enniatins that can be detected in cereals are ENA, ENA1, ENB,
and ENBL1 (Prosperini et al. 2017). Besides their antibacterial, antifungal, insecticidal activities
(Prosperini et al. 2017), they showed cytotoxic effect for different cell cultures in vitro,
however, toxicity in vivo is limited to poultry especially in liver (Fraeyman et al. 2017; Ivanova
et al. 2014). In addition, they exhibited cytotoxicity against cancer cell lines suggesting them
as pharmacological candidates to fight cancer (Tedjiotsop Feudjio et al. 2010). Enniatins and
beauvericin are produced by a wide spectrum of Fusarium species (Fraeyman et al. 2017),
however, on wheat, they were recorded for F. acuminatum, F. avenaceum, F. equiseti, F.
lateritium, F. poae, F. proliferatum, F. sambucinum, F. sporotrichioides, F. subglutinans, and
F. tricinctum (Table 1).

3.1.5.5.2. Fusaproliferin

Fusaproliferin is a bicyclic sesterterpene which was later discovered in 1993 from F.
proliferatum isolate. It can be produced simultaneously with deacetylated form in a 3:1 ratio
(Jestoi 2008). Fusaproliferin shows toxicity on insect and mammalian cells in addition to
poultry embryos (Ferrigo et al. 2016). On wheat, fusaproliferin production was reported for F.

proliferatum and F. subglutinans (Table 1).

3.1.5.5.3. Moniliformin

Moniliformin is a small molecule with high polarity, it can be found in nature as a sodium or
potassium salt. Moniliformin was first identified as a mycotoxin of F. moniliforme which was
renamed as F. verticillioides (Jestoi 2008). The toxic effect of moniliformin is by disrupting
thiamine enzymes which affect cellular energy supply. This leads to an acute heart failure,
pulmonary and immunity disruption of animals (Fraeyman et al. 2017). On wheat,
moniliformin accompanied FHB infect with F. acuminatum, F. avenaceum, F. oxysporum, F.

proliferatum, F. sambucinum, F. subglutinans, F. tricinctum, and F. verticillioides (Table 1).

3.1.5.6. Masked Mycotoxins

The term “masked mycotoxin” indicates to the biologically modified mycotoxin by
conjugation reaction by plants as a detoxification mechanism. This was suggested to
differentiate them from other types of biological modification of mycotoxins e.g. by animals,
fungi, and microbiota of animals and humans. In addition, to discriminate them from

chemically modified mycotoxins (i.e. thermally and non-thermally) and matrix-associated
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mycotoxins (Rychlik et al. 2014). The main concern regarding masked mycotoxins is that they
are not detectable by traditional analysis, and they are hydrolyzed through digestion into their
parental mycotoxins or even more or less toxic compounds (Rychlik et al. 2014). Different
masked mycotoxins were reported in cereal grains. DON-3-glucoside (DON-3-G), NIV-3-
glucoside (NIV-3-G), 4-ANIV-glucoside (4-ANIV-G), T-2-3-glucoside (T-2-3-G), HT-2-3-
glucoside (HT-2-3-G), and ZEA-14-glucoside (ZEA-14-G) were reported to occur in wheat
(Berthiller et al. 2013).

3.1.6. Fusarium Head Blight Epidemics on Wheat

The frequency of FHB epidemics increased in the last decades due to the changes in agricultural
practices mainly zero tillage regime in wheat fields (Dill-Macky and Jones 2000; Miller et al.
1998). The incidence of FHB epidemics is highly correlated with weather conditions especially
rainy days with warm temperatures at anthesis and abundance of primary inoculum (Dill-
Macky and Jones 2000; Miller et al. 1998; Obanor et al. 2013; Shah et al. 2019; Torres et al.
2019). Several studies showed that FHB epidemics on wheat take place sporadically. In
Europe, yield losses caused by FHB epidemics ranged between 40-50% in Romania and
Hungary during the 1970s-1980s (Parry et al. 1995). Seven severe epidemics and 14 medium
epidemics occurred during the second half of the last century in China. In 2012, more than 9.9
million hectares were affected in the main producing areas in China (Zhu et al. 2019). In
Canada which is a major wheat producer, FHB epidemics were recorded during the 1940s and
1980s (Aboukhaddour et al. 2020). In the last two decades, epidemics were reported in 11 out
of 17 surveyed years with disease severity of 1.5-57.8% (Xue et al. 2019). In the 20" century,
five severe epidemics were described in the USA from the 1910s until the 1930s. However,
FHB re-emerged from 1991-1996 and causing yield dropping up to 25% and economic losses
of $1 billion (McMullen et al. 1997). It continued to occur frequently from 1997-2010 in
several states in the USA resulting in annual losses up to 54.2% in 2003 in different states
(McMullen et al. 2012). In Latin America, seventeen epidemics have been reported in
Argentina from 1960-2012 with losses up to 70% in some years (Palazzini et al. 2015).
Furthermore, a model-based assessment study analyzed the weather data from 1957-2006 in
Brazil. It showed an increased FHB risk index during the 1960s and higher frequency of high
risk years starting from 1990 (Del Ponte et al. 2009). Information about FHB epidemics in
Australia are rare due to their sporadic nature. However, a severe epidemic was reported in
2010 with a disease of 79% in some fields (Obanor et al. 2013).
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3.1.7. Fusarium Head Blight Diagnosis on Wheat

There are different methods to diagnose the fungal pathogens involved in FHB on wheat. The
classical method is the pathogen re-isolation on selective media and identifying the fungus
based on the morphological characteristics of the spores or the colony. The immunological
method uses specific antibodies against specific protein or protein complex produced by the
fungus. However, the most specific method is the molecular method using specific primers that

target a specific region in the DNA of the fungus.

3.1.7.1. Selective Media

Fusarium species can be diagnosed based on the visual and microscopical characteristics of
the colony and the spores after re-isolating the fungus on selective medium. Different media
showed selectivity to Fusarium spp. e.g. Czapek Dox iprodione dichloran agar (CZID),
dichloran-chloramphenicol peptone agar (DCPA), malachite green agar (MGA 2.5), modified
Czapek Dox agar (MCz), Nash and Snyder medium (NS), and potato dextrose iprodione
dichloran agar (PDID). However, MGA 2.5 was recommended as a selective medium for
Fusarium re-isolation from naturally infected kernels (Bragulat et al. 2004). Furthermore,
differentiation between Fusarium species was possible based on their pigmentation on CZID
(Thrane 1996). Recently, different media containing the bacterial toxin “toxoflavin” produced
by the Burkholderia glumae showed selectivity to Fusarium species (Jung et al. 2013).
However, this method is laborious and time-consuming and it needs experts in fungal

taxonomy to diagnose the disease on species scale.

3.1.7.2. Immunological Method

Enzyme-linked immunosorbent assay (ELISA) is used as a diagnostic method for Fusarium
using poly- or monoclonal antibodies. These antibodies are obtained after immunization of
animals or cell lines by exoantigens secreted by Fusarium (Gan et al. 1997; Hill et al. 2006).

However, the main drawback of this method is that it is genus-specific (Brunner et al. 2012).

3.1.7.3. Molecular Method

Polymerase chain reaction (PCR) was invented in 1984 and became widely used in plant
pathogen detection and quantification with high sensitivity and specificity (Henson and French
1993; Schaad and Frederick 2002). The PCR costs reduced with the introduction of DNA
polymerase (Taq) of the high-temperature tolerant bacteria Thermus aquaticus in 1988. This
allowed automated thermal cycling and abolished the need for enzyme refreshment after each

cycle (Henson and French 1993). The PCR allows the detection of plant diseases before the
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symptoms become visible. Moreover, it differentiates between fungal species scale even when
they have morphological similarities. Different genomic regions are used to design species-
specific primers e.g. internal transcribed spacers (ITS), intergenic spacer (IGS) regions, and
protein-coding genes (Kuzdralinski et al. 2017). Different primers were developed to detect
Fusarium species involved in FHB (Table 2). However, primers targeting F. lateritium and F.

semitectum showed cross-hybridization with other Fusarium species (Hong et al. 2010).
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Table 2. Forward and reverse primers sequences used to amplify specific fragments of fungal DNA of Fusarium species.

Primer

Amplified

Pathogen name Primer sequence (5-3) fragment Reference
. FAC-F GGGATATCGGGCCTCA -
F. acuminatum FAC-R GGGATATCGGCAAGATCG 602 bp (Williams et al. 2002)
E avenaceum Fave574 fwd TATGTTGTCACTGTCTCACACCACC EFla (Nicolaisen et al. 2009)
' Fave627 rev AGAGGGATGTTAGCATGATGAAG gene '
F. crookwellense CRO-AF CTCAGTGTCCACCGCGTTGCGTAG 842 b (Yoder and Christianson
synonym F. cerealis CRO-AR CTCAGTGTCCCAATCAAATAGTCC P 1998)
OPT18 F GATGCCAGACCAAGACGAAG -
F. culmorum OPT18 R GATGCCAGACGCACTAAGAT 472 bp (Schilling et al. 1996)
— Feqg-F GGCCTGCCGATGCGTC
F. equiseti Feg-R CGATACTGAAACCGACCTC 990 bp (Jurado et al. 2005)
. Fg16N F ACAGATGACAAGATTCAGGCACA :
F. graminearum Fg16N R TTCTTTGACATCTGTTCAACCCA 280 bp (Nicholson et al. 1998)
F. lateritium
FOF1 ACATACCACTTGTTGCCTCG :
F. oxysporum FOR1 CGCCAATCAATTTGAGGAACG 340 bp (Mishra et al. 2003)
Fp82 F CAAGCAAACAGGCTCTTCACC .
F. poae Fps2 R TGTTCCACCTCAGTGACAGGTT 220 bp (Parry and Nicholson 1996)
. Fp3-F CGGCCACCAGAGGATGTG
F. proliferatum Fpa-R CAACACGAATCGCTTCCTGAC 230 bp (Jurado et al. 2006)
. FSF1 ACATACCTTTATGTTGCCTCG :
F. sambucinum FSR1 GGAGTGTCAGACGACAGCT 315 bp (Mishra et al. 2003)
F. semitectum
o Fspor F1 CGCACAACGCAAACTCATC .
F. sporotrichioides Lanspo R1 TACAAGAAGACGTGGCGATAT 332 bp (Wilson et al. 2004)
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Pathogen Pnr;rrrr\]tzr Primer sequence (5°-3") ?rrggrlri‘feiﬁg Reference
F. subglutinans gig; g$ggé§1é%iéié%ii$ééég 445 bp (Moller et al. 1999)
e g TISSTATGTICICACTGTCIONCACTAT  ETIe (ukokbenetal 2009
e e Ve CICASANMICCATCCCASMACS oy (raimostal 20
pieodoomiale YINEACCAGCOGATITCTCCTIATS gty (itlonetal 100
ieodetiom i VIME T CTTGACCCOSAMGATOSS gy (ierabeneca 199
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3.1.8. Integrated Management of Fusarium Head Blight

The effective management of FHB is challenging due to several factors. Firstly, maize
intensification and reduced tillage increased the frequency of FHB epidemics during the last
decades. This is because maize is the main host of Fusarium species which serves as a source
of the inoculum and the reduced tillage helps to keep this source available during wheat
vegetation. Secondly, the visible FHB symptoms appear on wheat spikes at a later stage of
pathogenicity, and during this stage, it is too late for fungicides application because the kernels
have been contaminated with Fusarium mycotoxins. In addition, traditional disease control
using fungicides encloses different disadvantages mainly costs, bio- and eco-hazards, relatively
short lifetime due to fungicide resistance, and low availability for smallholder farmers.
Moreover, the environment and health protection measures lead to continuous regulatory
changes regarding fungicides availability and applicability (Nelson 2020). This shows the need
for an integrated management strategy incorporates cultural practices, resistant varieties, and

bio- and chemical measures to control the disease.

3.1.8.1. Cultural Practices

Adopting moderately resistant varieties combined with variety rotation and using varieties with
different maturities in addition to spreading anthesis times by disseminating planting dates
showed efficiency in FHB control (Cowger et al. 2020; Salgado et al. 2014). In addition, the
reduction of inoculum pressure during wheat anthesis can play a significant role in disease
management. This can be achieved by plowing the soil and burying the residues of the previous
crop especially if this crop is one of the main hosts of Fusarium species like maize and barley.
This practice prohibits perithecia formation and ascospores discharge during wheat spike
development (Blandino et al. 2012; Torres et al. 2019). Another practice to reduce inoculum
pressure is avoiding FHB cultural hosts e.g. maize as a previous crop in wheat fields (McKee
et al. 2019).

3.1.8.2. Host Plant Resistance to Fusarium Head Blight

Components of wheat resistance to FHB include passive resistance represented by
morphological and phenological features and active resistance represented by physiological
features (Mesterhazy 1995). Morphological and phenological features that are involved in
passive resistance are plant height, wheat awns, narrow and short floral opening, and the time
of retained anthers. Plant height: tallness helps wheat spikes to stand away from splashed rain

droplets that carry the inoculum from the soil surface and crop residues. Wheat awns: awns
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trap the inoculum and increase natural infection while their absence reduces it (Mesterhazy
1995). Narrow and short floral opening reduces the floret exposure to the inoculum and
increases resistance while retained anthers and pollen might trap the inoculum and catalyze
spore germination and fungal penetration (Steiner et al. 2017). Active resistance can be
classified into the following types: resistance to initial penetration or infection (Type |
resistance), resistance to fungal spread within the spike from the infected spikelet (Type 1l
resistance) (Schroeder and Christensen 1963), resistance to kernel infection and tolerance
against FHB (Type Ill and IV respectively) (Mesterhazy et al. 1999), and resistance to
trichothecenes (Type V) (Foroud et al. 2019).

Wheat resistance to FHB is a quantitative trait which means that many genes with cumulative
effects are involved in this trait. Environmental conditions have a significant effect on this trait
resulting in various resistance levels in different environments (Steiner et al. 2017). Durum
wheat is known to be highly susceptible to FHB due to the scarcity of resistance sources in the
tetraploid gene pool (Haile et al. 2019). Up to date, seven quantitative trait loci (QTLs) were
officially given gene names most of them from Chinese hexaploid wheat (Table 3) (Bai et al.
2018). However, the direct introgression of these sources in breeding programs is still difficult
due to undesirable agronomic traits (Bai et al. 2018). Steiner et al. (2017) suggested integrating
genomic selection based on genome-wide prediction models with marker-assisted selection for
QTL and classical phenotypic selection based on visible symptoms in breeding programs for

FHB resistance.

Table 3. QTLs involved in wheat resistance to Fusarium head blight.

QTL Location Source Resistance type Reference
Fhbl 3BS Sumai 3 and Nyubai Type Il (Cuthbert et al. 2006)
Fhb2 6BS Sumai 3 Type Il (Cuthbert et al. 2007)
Fhb3 TAS Leymus racemosus Type Il (Qi et al. 2008)
Fhb4 4BL Wangshuibai Type | (Xue et al. 2010)
Fhb5 5AS Wangshuibai and Sumai 3 Type | (Xue et al. 2011)
Fhb6 1AS Elymus tsukushiensis Type Il (Cainong et al. 2015)
Fhb7 7D Thinopyrum ponticum Type Il (Guo et al. 2015)

3.1.8.3. Biological Control
Biological control uses antagonistic microorganisms to Fusarium species or biological
secondary metabolites to control FHB on wheat. These microorganisms can be applied to the

residues of the former crop to inhibit perithecia development or directly wheat spikes. For
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example, bacteria from Bacillus spp., Lysobacter enzymogenes, Pseudomonas spp. and
Streptomyces spp., and fungi from Aureobasidium pullulans, Clonostachys rosea, and
Trichoderma spp. showed effectivity against Fusarium (Wegulo et al. 2015). The fungus
Clonostachys rosea was applied on wheat residues infected with different Fusarium species
under field conditions. Fusarium growth measured as fungal DNA reduced between 68-98%
after 90 days of treatment and was undetectable after 180 days (Palazzini et al. 2013). Comby
et al. (2017) reported three new fungal species namely Aureobasidium proteae, Phoma
glomerate, and Sarocladium kiliense with high protection ratio between 75-100% on detached
wheat spikelets. The basidiomycetous yeast Cryptococcus nodaensis OH 182.9 was isolated
from wheat anthers (Khan et al. 2001). This isolate presented reduced disease severity between
45-60% under controlled and field conditions (Khan et al. 2004; Schisler et al. 2002). Zhang et
al. (2019) isolated 113 endophytes from roots, stems, leaves, and spikelets of wheat and tested
their antagonistic effect against F. graminearum on detached wheat spikes. Six isolates showed
to inhibit F. graminearum growth while the strain XS-2 of Bacillus amyloliquefaciens reduced
disease severity on detached wheat spikes significantly. In vitro, B. subtilis SG6 inhibited F.
graminearum growth, sporulation, and DON concentration with ratios of 88, 96, and 100%
respectively. While in the field, the same strain significantly reduced disease incidence, FHB
index, and kernel DON contamination when it was applied from anthesis until soft dough (Zhao
et al. 2014).

The usage of biochemical compounds proved to be effective in FHB control. Chitosan (the
deacetylated derivative of chitin) inhibited the fungal growth and DON contamination in
irradiated wheat kernels (Zachetti et al. 2019). It also reduced disease severity and DON
contamination of >74% under greenhouse and field conditions (Khan and Doohan 2009).
Drakopoulos et al. (2019) tested botanical agueous extracts of white mustard (Sinapis alba)
and Chinese galls (Rhus chinensis) against F. graminearum in vitro. All these compounds fully
inhibited mycelium growth, conidial, and ascospore germination. Moreover, they reduced

perithecia formation and ascospore discharge up to 50% and 6% respectively.

3.1.8.4. Chemical Control

Effective chemical control of FHB should be combined with other management practices
(Blandino et al. 2012; Wegulo et al. 2011). The critical time for fungicides application is the
susceptible stage i.e. anthesis stage and 10 days after anthesis. However, limited application
period, anthesis heterogenicity, and weather conditions at this stage might be challenging for

effective fungicides application, this may require multiple applications to achieve efficient
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disease control (D’Angelo et al. 2014; Wegulo et al. 2015). Demethylation inhibitor (DMI)
fungicides, namely metconazole, prothioconazole, tebuconazole, prothioconazole +
tebuconazole showed to be more effective than propiconazole (McMullen et al. 2012; Paul et
al. 2018). Another factor that affects fungicides efficiency is spike coverage during application
which is affected by the nozzle type and spray angle. Lehoczki-Krsjak et al. (2015) showed
that two sideward-spraying (90° and 120° for forward and backward streams respectively)
increased fungicide content between 1.08-1.43 times in wheat spikes compared with vertically-
spraying. Moreover, increasing spike coverage from 19 to 37% reduced FHB incidence and

DON content significantly for all tested fungicides (Mesterhazy et al. 2011).

3.1.8.5. Predicting and Detecting Disease Incidence

One of the prediction practices is risk assessment using disease prediction models based on
weather conditions and the history of FHB epidemics in the growing region (McMullen et al.
2012). In addition, the effective monitoring of disease incidence in the field helps in early
disease detection and supports the decision-making strategy to apply fungicides at a suitable
time. Experts and prognosis models are based on information about the dominant Fusarium
species, inoculum availability, resistance degree of the cultivated wheat variety, anthesis
period, and the former crops in the surrounding area. In addition, information about favorable
weather conditions (e.g. rainfall, temperature, and relative humidity) for FHB incidence during
wheat vegetation are required as input data for these models. These two practices could be
effective tools to prevent quantity and quality losses in wheat yield caused by FHB. These
models can be supported or improved by innovative digital technology and remote sensing data

to realize a knowledge-based plant protection management.

3.2. Remote Sensing for Monitoring and Phenotyping Fusarium Head Blight
Optical sensors are among remote sensing technology which have been widely investigated in
monitoring plant diseases as well as in plant phenotyping. These sensors include RGB imaging
(red, green, and blue bands), multi- and hyperspectral imaging in the visible-near infrared range
and the shortwave infrared range, infrared thermography in the spectral range 7500-14000 nm

and chlorophyll fluorescence imaging (Mahlein 2016).

3.2.1. Spectral Techniques

The spectral sensors acquire the spectral reflectance of the object. Based on the number of
recorded wavebands, these sensors are classified as multispectral sensors and hyperspectral

sensors. Multispectral sensors record the spectral reflectance of individual wavebands (e.g.
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RGB wavebands or specific wavebands in the NIR range) (Mahlein 2016). While hyperspectral
sensors record the spectral reflectance over a wide number of wavebands in the electromagnetic
spectrum from 250-2500 nm. This information is correlated to the plant pigments, chemical

compounds, and the water content of the plant (Mahlein et al. 2018).

The main flaw of using hyperspectral imaging sensors in plant disease detection is data
complexity. To reduce data complexity, spectral vegetation indices can be derived from the
spectral data based on a ratio between individual wavebands. Each of these indices can be used
as an indicator of a specific compound of the plant which might be affected during the
pathogenicity (e.g. chlorophyll, water content, or tissue structure). This data can be utilized in
plant disease detection using supervised or unsupervised machine learning methods. Reducing
data complexity reduces calculation time and improves the accuracy of the machine learning

approach in plant disease detection (Behmann et al. 2015).

Bauriegel et al. (2011a) investigated the feasibility of HSI in the VIS and NIR ranges for the
early detection of FHB using data from controlled and field conditions. They showed that the
best time for disease detection is at the beginning of medium milk stage GS 71-85. Principal
component analysis (PCA) to disclose the relevant wavelength of healthy and diseased wheat
tissue. Based on this approach, the healthy and diseased areas of wheat spikes were correctly
classified with an accuracy of 100% and 94% respectively. Spectral angle mapper (SAM) was
also able to classify the diseased area with an accuracy of 87%. However, the main drawback
of SAM is that it is time-consuming. Another study showed the superiority of HSI in FHB
detection under controlled conditions compared with the field condition at the growth stage GS
71-73 (Menesatti et al. 2013). Ma et al. (2020) used the spectral reflectance in the VIS, NIR,
and SWIR ranges to detect FHB under field conditions. Six feature bands correlated to FHB
were extracted by continuous wavelet analysis (CWA). Afterward, these feature bands were
utilized to establish a discrimination model using the Fisher linear discriminant analysis
(FLDA). They reveal an accuracy of 89% using this model. Jin et al. (2018) used HSI in the
VIS and NIR ranges to detect FHB on wheat under field conditions. They reached an accuracy

of 85% using the neural network approach (NN).

In addition, HSI showed promising results as a fast, non-invasive, and non-destructive method
for pre-screening Fusarium infection and mycotoxin contamination on the kernel scale. This
can accelerate the kernel sorting procedure by replacing the laborious and cost-effective

chemical methods (Femenias et al. 2020).
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3.2.2. Infrared Thermography

Infrared thermography determines the plant temperature which reflects the water status of the
plant. Plant pathogens influence the water balance in the plant tissue and this effect can be
indirectly measured and visualized as a false-color image by IRT (Mahlein 2016). Maximum
temperature difference (MTD) and average temperature difference (AT) are parameters derived
from IRT and can be successfully used in plant disease detection. MTD represents the
differences between the maximum and the minimum temperature within the object, while AT
represents the difference between the average temperature of the ambient air and the average
temperature of the object (Oerke et al. 2006). These parameters were implemented successfully
using the support vector machine (SVM) approach to detect FHB on the spikelet scale (Mahlein
et al. 2019).

3.2.3. Chlorophyll Fluorescence Imaging

Chlorophyll fluorescence imaging assesses the status of Photosystem Il (PSII) of the plant
(Murchie and Lawson 2013). The basic fluorescence (Fo) is the minimum value of fluorescence
for dark-adapted PSII after excitation with low-intensity light but not enough for electron
transport through PSII. The maximum fluorescence (Fm) is the maximum value of fluorescence
for dark-adapted PSII after excitation with a saturating pulse. The variable fluorescence (Fv)
represents the difference between Fm and Fo. While the ratio Fv/Fm represents the maximum
quantum yield of PSII photochemistry with a constant value of = 0.83 for the healthy plants
(Baker 2008). FHB infection causes a significant reduction in photosynthetic activity of wheat
spikes, this reduction can be detected by CFI (Bauriegel et al. 2011b; Bauriegel and Herppich
2014).
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Abstract

Optical sensors have shown high capabilities to improve the detection and monitoring of plant
disease development. This study was designed to compare the feasibility of different sensors
to characterize Fusarium head blight (FHB) caused by Fusarium graminearum and Fusarium
culmorum. Under controlled conditions, time-series measurements were performed with
infrared thermography (IRT), chlorophyll fluorescence imaging (CFIl), and hyperspectral
imaging (HSI) starting 3 days after inoculation (dai). IRT allowed the visualization of
temperature differences within the infected spikelets beginning 5 dai. At the same time, a
disorder of the photosynthetic activity was confirmed by CFI via maximal fluorescence yields
of spikelets (Fm) 5 dai. Pigment-specific simple ratio PSSRa and PSSRb derived from HSI
allowed discrimination between Fusarium-infected and non-inoculated spikelets 3 dai. This
effect on assimilation started earlier and was more pronounced with F. graminearum. Except
the maximum temperature difference (MTD), all parameters derived from different sensors
were significantly correlated with each other and with disease severity (DS). A support vector
machine (SVM) classification of parameters derived from IRT, CFIl, or HSI allowed the
differentiation between non-inoculated and infected spikelets 3 dai with an accuracy of 78, 56,
and 78%, respectively. Combining the IRT-HSI or CFI-HSI parameters improved the accuracy
to 89% 30 dai.

22


https://doi.org/10.3390/s19102281

PUBLICATIONS

4.1.1. Introduction

Fusarium head blight (FHB) is one of the most important diseases on small cereals since the
beginning of the twentieth century (Stack 2003). In recent years, the frequency of FHB has
increased because of intensive crop production systems such as intensified maize cultivations
(Bauriegel and Herppich 2014). Due to the change in environmental conditions and its impact
on pathogen appearance and distribution, improvements in FHB management have a high
priority (Madgwick et al. 2011). The fungal pathogens Fusarium graminearum Schwabe
[teleomorph Gibberella zeae (Schwein) Petch] and Fusarium culmorum (W.G. Smith) Sacc.
are the most dominant pathogens in the FHB disease complex (Bottalico and Perrone 2002;
Goswami and Kistler 2004; O’Donnell et al. 2004; Simpson et al. 2001). The high importance
of FHB is mainly because of the contamination of infected kernels with mycotoxins, such as
trichothecenes (e.g., deoxynivalenol and nivalenol) and zearalenones (Desjardins 2006).
During the last decades, research efforts have promoted the resistance level of crop varieties to
FHB. However, until now resistance cannot be the only solution to control FHB because of the
long time needed to achieve this resistance (Mesterhazy et al. 2011). Integrated management
strategies, in which resistant varieties and fungicides application play a major role, are the best
options to control FHB (Wegulo et al. 2011). However, the efficiency of the chemical control
of FHB is limited (Amarasinghe et al. 2013). A critical aspect is scheduling the fungicide
treatments during the vegetation period. Periods with a high risk of infection have to be
evaluated by epidemiologic models and early infection sites have to be detected with high
accuracy. Suitable techniques are a prerequisite for monitoring crop stands. Besides visible
monitoring, optical sensor technologies have been introduced in plant disease monitoring,
phenotyping, and precision agriculture (Alisaac et al. 2018; Mabhlein et al. 2012a; Mabhlein
2016; Oerke et al. 2014).

Infrared thermography (IRT) is a powerful technique for visualizing, diagnosing and
quantifying plant stresses, resulting from biotic and abiotic stress factors. Thermographic
cameras detect the infrared radiation in the range of 7.5-12 um and display the temperature
information in false-color images (Mahlein 2016). The suitability of IRT for early detection of
plant diseases has been proved in different studies, e.g., in downy mildew of cucumber and
grapevine (Lindenthal et al. 2005; Oerke et al. 2006; Stoll et al. 2008). The application of
thermal imaging is a promising tool to study spatial patterns of soil-borne pathogens (Calderén
et al. 2015; Joalland et al. 2017). Oerke and Steiner (2010) used IRT in the field to detect FHB

on winter wheat. They reported a significantly higher temperature of infected spikes compared
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to the healthy ones. Al Masri et al. (2017) used IRT to evaluate FHB development in wheat

spikes under greenhouse conditions.

With respect to photosynthetic activity, chlorophyll fluorescence imaging (CFI) was used to
detect differences resulting from biotic and abiotic stress. The study of plant diseases such as
leaf rust and powdery mildew of wheat and barley have been successfully implemented
(Brugger et al. 2018; Birling 2011; Kuckenberg et al. 2009). CFI proved a high capability to
assess plant stress, including plant diseases, objectively and non-destructively. However, the
full capacity of CFI features in field application is difficult because of dark adaptation required
prior to measurement, high and varying light intensity (Chaerle et al. 2003), and time between

emission and detection of the measuring beam (Oerke et al. 2014).

Hyperspectral imaging (HSI) assesses the spectral information as reflectance or transmittance
intensity in the visible (VIS, 400-700 nm), near-infrared (NIR, 700-1000 nm), and short-wave
infrared (SWIR, 1000-2500 nm) ranges (Mahlein 2016). The resulting data consists of complex
data matrices with three dimensions: two spatial dimensions x and y, and one spectral
dimension z. Recently, there has been a remarkable increase in research and reports using
hyperspectral imaging in plant disease studies, for example, FHB (Alisaac et al. 2018;
Bauriegel et al. 2011b), yellow rust (Huang et al. 2007), powdery mildew of barley (Kuska et
al. 2015), Cercospora leaf spot, rust and powdery mildew in sugar beet (Leucker et al. 2016;
Mahlein et al. 2010, 2012b, 2013), and tomato late blight (Wang et al. 2008). These reports
concluded that HSI is more objective than the traditional visual methods in characterizing plant

diseases, however, these innovative techniques could be further improved (Bock et al. 2010).

CFI was used in combination with HSI to study FHB and both sensors proved suitable for
disease detection after symptoms become visible but this was before senescence (Bauriegel et
al. 2011b). IRT was used in combination with CFIl and proved to be very useful for highlighting
pre-symptomatic responses of viral diseases and powdery mildew on cucumber (Berdugo et al.
2014).

These non-destructive sensors have enabled the accurate and reliable detection of plant diseases
and provided new insights into plant-pathogen interactions on different scales (Mahlein 2016).
FHB symptoms could be detected by using imaging sensors of thermography, chlorophyll
fluorescence, and hyperspectral reflectance after symptoms become visible (Al Masri et al.
2017; Bauriegel and Herppich 2014; Oerke et al. 2014).
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A deeper understanding of FHB using data from multiple sensors is important to optimize risk
estimations and management strategies. The aim of the study was to compare IRT, CFl, and
HSI for the monitoring of FHB caused by F. graminearum and F. culmorum under controlled
conditions. This individual and multi-sensor data were used as input for the support vector
machine (SVM) classifier to investigate the potential of each combination for early detection
of FHB and different stages of pathogenesis.

4.1.2. Materials and Methods

4.1.2.1. Experimental Plants

A variety of spring wheat (Triticum aestivum L.) moderately resistant to FHB (Anonymous
2013), Passat (KWS, Einbeck, Germany) was used in this study. The spikes of this variety are
awnless and light green with 18-22 spikelets in each spike. Pots (12x12x%20 cm) were filled
with a mixed substrate (sand, subsoil C, potting substrate ED 73) at a 1:3:6 ratio [v/v/v]). Two
seedlings were sown per pot. The plants were supported by sticks and wires to avoid lodging.
The plants were cultivated at 20 + 2°C and 50-70% relative humidity (RH) in a greenhouse.
Avrtificial light (> 300 pumol m?s?, Philips SGR 140, Hamburg, Germany) was used to obtain
a photoperiod of 16/08 h day/night.

4.1.2.2. Inoculum and Inoculation

Fusarium graminearum, isolate S.19, and F. culmorum, isolate 3.37, were obtained in 2011
and 2004, respectively from infected wheat kernels in Klein-Altendorf, Germany. They were
stored at -80°C in the culture collection of the Institute of Crop Science and Resource
Conservation (INRES), University of Bonn. The inoculum was produced on potato dextrose
agar (PDA, 39 gL?), potato dextrose broth (PDB, 24 gL™), and low strength potato dextrose
agar (LSPDA, 12.5 gL* and agar-agar, 19.5 gL!) according to Moradi (2008). The conidial

suspension was adjusted to 10° conidia mL? using a Fuchs-Rosenthal hemocytometer.

Wheat spikes were inoculated on the same day with each Fusarium species separately at GS
61-65 (Lancashire et al. 1991). Four plants with 6 spikes similar in anthesis time were chosen
for inoculation. The spikes were inoculated by spraying with 10° conidia mL™? until run-off.
Subsequently, plants of each treatment were incubated in separated plastic chambers at optimal
conditions for infection (>95% RH and 22-25°C), for 48 hours. After incubation, plants were
grown at 50-70% RH, 16/08 photoperiod, 18/12°C day/night. Spikes were humidified for 1-2
h per day, using a hand sprayer. Non-inoculated control plants were grown under the same

conditions. Six spikelets of each treatment were selected for data analysis.
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4.1.2.3. Disease Severity of FHB

In this study, a rating system of FHB severity was established and used for a visual assessment
of the disease severity (DS) within each individual spikelet (Figure 3). Disease severity was
classified as follows: (i) from 1 to 5% represents early discoloration and small necrotic lesions
on glumes, (ii) 10% early bleaching of spikelets which usually cover the typical floret, (iii) 20,
30 and 50% represent combinations of extended necrotic lesions and bleached florets at
different levels, (iv) 70% bleached spikelets, but not completely dry, (v) 100 % bleached and
dry spikelet.
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Figure 3. The rating system of disease severity of Fusarium head blight (FHB) within a single
spikelet of the wheat spike.

4.1.2.4. Infrared Thermal Imaging (IRT)

Thermal imaging was performed in a greenhouse under controlled conditions at 50-70% RH
and 17-24°C. The artificial supplementary light was reduced during measuring time to 20 + 2
pumol m?2 st (Hortilux Schréder, HPS 400W/230V, Monster, Netherland). Spikes were fixed
vertically on metal grids (40x30 cm, grid size 12x12 mm) attached to supporting sticks in the
pots. A digital thermocamera (VarioCAM High Definition, Jenoptik, Jena, Germany), sensitive
to spectral range from 7.5 to 14 um with uncooled microbolometer focal plane array was used.
The camera has a thermal resolution of 0.03 K at 30°C, a geometric resolution of 1.024x768
IR-pixel, and 30 Hz IR-image frequency. The material emissivity was set to 1 for all measuring
dates. The thermocamera was mounted on a tripod and placed at 40 cm distance from spikes
and was controlled via the software package IRBIS 3 professional (InfraTec, Dresden,
Germany). IR images were analyzed using the same software package by drawing polygons on

the selected spikelets, thermal data of ambient air was used for normalization. The maximum
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temperature difference (MTD) and the average temperature difference between air and

spikelets (AT) were calculated. All parameters of sensor data are summarized in Table 4.

4.1.2.5. Chlorophyll Fluorescence Imaging (CFI)

An imaging pulse amplitude modulated chlorophyll fluorometer PAM, MAXI HEAD (Heinz
Walz, Effeltrich, Germany) was used for chlorophyll fluorescence measurements under
laboratory conditions. The measurement was conducted according to the saturation pulse
method immediately after plants had been dark-adapted for 15 £ 2 min at room temperature. A
standard distance of 18.5 cm between spikes and the camera for a 13x15 cm? imagery area was
used with a black background. The CCD camera (1392x1040 pixel) recorded basic
fluorescence Fo after illumination of the horizontally laid spikes with blue light (470 nm) of
0.5 pmol quanta m?s™* PAR. Maximum fluorescence (Fm) was recorded after a saturation pulse
of 2700 umol quanta m?s™ PAR for 0.6 seconds. Based on Fo and Fm, the maximal PSII
quantum yield (Fv/Fm) was calculated (Table 4) which indicates the capacity of photosynthesis
of the spikelets. Saturation pulses of 396 umol quanta m2s® PAR were produced at intervals
of 20 s until the steady-state condition was reached and the efficient quantum yield Y [I1] was
estimated which indicates the stability of photosynthesis. The CCD camera was controlled via
the software package ImagingWin professional (Heinz Walz, Effeltrich, Germany). Recorded
false-color images of Fm, Fv/Fm, and Y [II] were analyzed by drawing polygons that fit the

selected spikelets.

4.1.2.6. Hyperspectral Imaging (HSI)

For hyperspectral imaging, spikes were laid horizontally on a table with black background (68
cm distance from the cameras) in a light-proof room. Spikes were illuminated with an artificial
light source (ASD-Pro-Lamps, Analytical Spectral Devices Inc., Boulder, CO, USA), 50 cm
distance from the spikelets, and a vertical inclination of 45°. The hyperspectral camera
ImSpector V10E (Spectral Imaging Ltd., Oulu, Finland) was used in the visible-near infrared
(VIS-NIR) range from 400 to 1000 nm. A SWIR-camera (ImSpector N25E, Spectral Imaging
Ltd., Oulu, Finland) was used in the SWIR from 1000 to 2500 nm. Measurements started after
a runtime of 30 minutes of the entire system. The cameras were focused manually on a white
barium sulfate calibration bar with black rhombi (Spectral Imaging Ltd., Oulu, Finland) placed
at the same distance of the object. For more details about the imaging setup and image

recording see Alisaac et al. (2018).
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The software “Processing Imspector 3.1” (Geoscap, Cologne, Germany) was used to calculate
the reflectance in relation to a white reference bar and the dark current image. The signals from
hyperspectral images were smoothed by applying the Savitzky Golay filter (25 centered
supporting points and a third-degree polynomial). All spikelets were masked with HSVaP
(“Hyperspectral Visualization and Processing”) (Alisaac et al. 2018), and the mean reflectance
of each spikelet was extracted with MATLAB R2014a (MathWorks, Natick, Massachusetts,
USA). Spectral vegetation indices, Normalized Differences Vegetation Index (NDVI),
Photochemical Reflection Index (PRI), Pigment-Specific Simple Ratio (PSSRa, PSSRb,
PSSRc) and Water Index (WI) (Table 4) were calculated as parameters in order to investigate
the potential of specific bands in detecting FHB.

Table 4. Summary of parameters derived from multi-sensorial monitoring of Fusarium head
blight on wheat.

Sensor Index Equation Indicator
Maximum temperature MTD = maximum - Biotic stresses in early stage (Oerke
difference (MTD) minimum  temperature et al. 2006)
Thermography within spikelets
(IRT) Average temperature AT = average air Biotic stresses in early and late
difference (AT) temperature - average stages (Oerke et al. 2006)
spikelets temperature
Maximal  fluorescence Fm Fast  chlorophyll  fluorescence
yields kinetics (Kuckenberg et al. 2009)
Chlorophyll Maximal PSIl quantum Fv/Fm = (Fm - Fo)/Fm Maximal photochemical efficacy of
fluorescence yield (Fv/Fm) photosynthesis 1l (Butler and
imaging (CFI) Kitajima 1975)
Effective PSIlI quantum Y [II]=(Fm’ - F)/Fm’ Photochemical quantum vyields at
yield (Y [I1]) steady state (Genty et al. 1989)
Normalized differences NDVI = (Rso - Biomass, leaf area (Rouse et al.
vegetation index (NDVI)  Rg70)/(Rsoo + Re70) 1974)
Photochemical reflection PRI =(Rs31 - Rs70)/(Rss1 + Epoxidation state  xanthophyll’s
index (PRI) Rs70) cycle; pigments and photosynthetic
Hyperspectral radiation use efficiency (Gamon et
imaging (HSI) al. 1992)
Pigment-specific simple PSSRa = Rgoo/Reso Chlorophyll a (Blackburn 1998a)
ratio (PSSR) PSSRb = Rgoo/Res3s Chlorophyll b (Blackburn 1998a)
PSSRc = Rgoo/Razo Carotenoid (Blackburn 1998a)
Water index (W1) WI = Rgoo/Rg70 Water content (Penuelas et al. 1997)

4.1.2.7. Realization of Measurements

Measurements with the three sensors were performed subsequently on the same day. The
thermal imaging was performed under greenhouse conditions from 8:00 to 9:30 am. CFl and
HSI measurements took place in a laboratory. Time-series images were performed 3, 5, 7, 12,
17, 21, and 30 days after inoculation (dai). For data analysis, six spikelets were chosen from

six spikes as experimental replications for each treatment.
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4.1.2.8. Statistical Analysis

The Superior Performing Software System SPSS 24 (SPSS Inc., Chicago, IL, USA) was used
for statistical analysis. A general linear model for repeated measurements was performed on
DS (including the disease severity of infected spikelets and the senescence of non-inoculated
control), MTD, AT, Fv/Fm, Y [Il], Fm, NDVI, PRI, PSSRa, PSSRb, PSSRc, and WI. Mean
comparisons of treatments were performed using Tukey’s HSD test (significance level P <
0.05). A t-test on each single band of the electromagnetic spectrum was performed in Microsoft
Excel 2010. A correlation matrix among all indices was applied using RStudio following
Pearson’s method (significance level P < 0.05). A support vector machine (SVM) classification
was run in RStudio to classify non-inoculated and infected spikelets using the parameters
derived from each sensor or a combination of different sensor parameters (Alisaac et al. 2018).
Seven data sets were investigated: three from each sensor, three from combinations of two
sensors (IRT-CFI, IRT-HSI, and CFI-HSI) and one using multi-sensor data (IRT-CFI-HSI). To
train the model, half of the data was used as a training data with the radial basis function (RBF)
kernel. Five-fold cross-validation was performed on the training data to optimize the
parameters cost (C) and gamma (y). The rest of the data was separated from the training data

to evaluate the model.

4.1.3. Results

4.1.3.1. Disease Development

The first symptoms of FHB became visible 3 dai with small necrotic lesions (1%) on glumes
of spikelets infected with F. graminearum. Starting 5 dai, F. culmorum-infected spikelets were
associated with visible symptoms, not significantly different from those infected with F.
graminearum. FHB symptoms of both pathogens increased significantly on 7 dai with no
statistical difference between the two Fusarium species (Figure 4). Natural senescence started
on 21 dai on non-inoculated spikelets, and could be monitored easily by visual assessment, the

non-inoculated spikelets showed average bleaching of 56% 30 dai (GS 83) (Figure 4).

4.1.3.2. Effect of Fusarium Infection on Spikelet Temperature

Fusarium species affected the temperature of infected spikelets compared with non-inoculated
control ones. The MTD (Figure 5a) indicates the temperature heterogeneity within individual
spikelet. Significant increases in MTDs were observed starting 7 dai for infected spikelets of
both Fusarium species compared with non-inoculated control (Figure 5a). Maximum MTDs

were observed 12 dai, then the infected spikelets showed lower temperature heterogeneity. At
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21 dai, MTDs of infected spikelets were not significantly different from the non-inoculated
control (Figure 5a). A reduced AT of Fusarium-infected spikelets compared with non-
inoculated control was observed 5 dai and was significant until 21 dai. In general, ATs of non-

inoculated control were higher than those of infected spikelets with each pathogen even up

until 30 dai (Figure 5b).
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Figure 4. Progress curves of Fusarium head blight severity (% diseased spikelet area) due to
Fusarium graminearum (dotted line) and Fusarium culmorum (solid line) on wheat spikelets
after spray inoculation compared with non-inoculated control (bold solid line displaying the
senescence of non-inoculated control). Spikes were inoculated at GS 61-65. Different letters at
the same time point differ significantly according to Tukey’s HSD, P <0.05 (mean + SE; n =

6). n.s., not significantly different.
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Figure 5. Effect of FHB caused by F. graminearum (dotted lines) and F. culmorum (solid lines)
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difference [AT = air - spikelet] (b) compared with non-inoculated control (bold solid lines).
Spikes were spray-inoculated at GS 61-65. Different letters at the same date differ significantly
according to Tukey’s HSD, P <0.05 (mean + SE; n = 6). n.s., not significantly different.
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4.1.3.3. Effect of Fusarium Infection on Chlorophyll Fluorescence
Fusarium infection caused by both Fusarium species was associated with reducing the
photosynthetic activity of spikelet tissue in early stage of infection. In advanced stages (i.e.

bleached symptoms stage), the photosynthetic apparatus was completely destroyed.

The Fm of dark-adapted spikelets was significantly reduced in F. graminearum-infected
spikelets compared with F. culmorum-infected and non-inoculated control spikelets 7 dai
(Figure 6a). The infection with each Fusarium species reduced Fm significantly after 7 dai
compared with non-inoculated control. These differences were also pronounced 30 dai. Neither
maximal photochemical efficacy of photosynthesis Il [Fv/Fm] nor photochemical quantum
yield Y [II] was suitable parameters to differentiate between infected spikelets and non-
inoculated ones during the first week after inoculation (Figure 6b,c). Fv/Fm and Y [II] were
significantly reduced only 12 dai as compared with non-inoculated control. At the last time
point of the assessment, 30 dai, Fv/Fm of F. culmorum-infected spikelets was significantly
different from F. graminearum-infected spikelets and those of the non-inoculated control
(Figure 6b). In contrast, the Y [I1] showed no significant differences among all treatments 30
dai (Figure 6c).
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Figure 6. Effect of Fusarium head blight caused by F. graminearum (dotted lines) and F.
culmorum (solid lines) on maximal fluorescence of dark-adapted spikelets [Fm] (a), maximal
photochemical efficacy of photosynthesis Il [Fv/Fm] (b), and photochemical quantum yield Y
[11] (c) in comparison to non-inoculated control (bold solid lines). Spikes were spray inoculated
at GS 61-65. Tukey’s HSD, P < 0.05 (mean + SE; n = 6). n.s., not significantly different.

4.1.3.4. Effect of Fusarium Infection on Spectral Signature of Spikelets

The spectral signatures of the non-inoculated control showed minor changes during the first 6
measuring times (until 21 dai). The senescence of the non-inoculated control increased the
reflectance in the VIS and the SWIR ranges 30 dai (Figure 7a). A lower reflectance was

observed in the NIR (Figure 7a). The spectral signatures of FHB infected spikelets changed
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considerably in comparison with the non-inoculated control parallel to the development of
infection (Figure 7). The reflectance of FHB spikelets showed gradual but low changes along
the entire spectral signature until 7 dai for both Fusarium species (Figure 7b,c). More
pronounced changes were shown for F. culmorum-infected spikelets in the SWIR range. From
12 dai onwards, the shape of spectra showed distinct changes compared with the earlier
measurement times. Here, higher reflectance in the VIS and SWIR ranges and lower reflectance
in the NIR range was pronounced. The largest changes in the shape of the spectral signatures
were detected in the VIS range starting 17 dai. In the NIR range, the decrease in the spectral
reflectance started 12 dai. At 30 dai, the strongest alteration was measured especially for

spikelets infected with F. culmorum (Figure 7b,c).
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Figure 7. Effect of Fusarium head blight caused by F. graminearum (b) and F. culmorum (c)
on spectral signatures of wheat spikelets compared with the non-inoculated control (a) at
different time points after inoculation (3-30 days past inoculation, dai). Spikes were spray
inoculated at GS 61-65. Means; n = 6.

Differences between non-inoculated control and Fusarium-infected spikelets were more
obvious by plotting the differences of spectral reflectance (Figure 8). The comparison between
the non-inoculated control and F. graminearum-infected spikelets (non-inoculated control - F.
graminearum-infected spikelets) (Figure 8a) showed that the alteration in spectral signature
started already at 3 dai. These differences were pronounced around 500 and 675 nm in the VIS
range with two negative peaks, and at 760 nm in the NIR range with a positive peak.
Wavelengths indicating water content in the SWIR showed clear differences with three
negative peaks at 1440, 1880, and 2000 nm. Over time, the reflectance difference increased
very clearly. F. culmorum-infected spikelets showed similar patterns of reflectance difference
curves compared with that of F. graminearum (non-inoculated control - F. culmorum-infected
spikelets) (Figure 8b). This indicates that the same wavelengths were affected by both

Fusarium species. The differences between Fusarium species in terms of the spectral
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reflectance (F. culmorum - F. graminearum) did not exceed £ 0.05% (Figure 8c). It showed
that differentiation among causing pathogens of FHB was possible starting at 3 dai. The
differences were shown along the spectrum over time. The significance of these differences
among the spectral signatures of the treatments was confirmed by a t-test. The differences
between spikelets of the non-inoculated control and F. graminearum or F. culmorum-infected
spikelets were significant in the VIS and SWIR ranges starting from 7 and 5 dai, respectively.
No significant differences could be detected between the spectral signatures of F. graminearum

and F. culmorum-infected spikelets.
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Figure 8. Difference spectra of Fusarium head blight caused by F. graminearum to non-
inoculated control (a), FHB caused by F. culmorum to non-inoculated-control (b), and FHB
caused by both Fusarium species separately (c) at different time points of assessment after
inoculation. Spikes were spray inoculated at GS 61-65. Means; n = 6.

4.1.3.5. Correlation between Parameters Derived from Different Sensors

Parameters derived from different sensors showed a high significant correlation to each other
and to the disease severity according to the Pearson’s method (Figure 9). MTD was the only
parameter that showed no significant correlation to the others. The correlation varied between
strong (r from 0.60 to 0.79) and very strong (r > 0.80). The Pearson’s correlation method
confirmed a positive correlation among all selected parameters except MTD, and a negative
correlation between DS and sensors data (the strongest, -0.88 to Fv/Fm and the weakest, -0.72
to AT).

4.1.3.6. Spatio-Temporal Dynamics of Fusarium Head Blight

Early and late symptoms of FHB compared with the non-inoculated control spikes are shown
in Figure 10. The infection development can be visibly distinguished 3 dai with the help of the
non-invasive sensors. The temperature of infected spikelets increased and reached values close
to those of the ambient air 5 dai for the infection with both Fusarium species. At a late infection

stage, 21 dai, infected spikelets were completely bleached and showed the temperature with
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minimum differences to ambient air temperature. The chlorophyll fluorescence index Fm
indicated to the spot where the infection started 3 dai, especially on F. graminearum-infected
spikelets. Over time, Fm dropped to zero 21 dai. Early symptoms of FHB were detectable by
the WI derived from hyperspectral images starting 3 dai (Figure 10).

Vegetation indices calculated from the spectral reflectance of different treatments are shown
in Table 5. NDVI of non-inoculated control was in the range from 0.55-0.77 during the
measuring period. Starting at 12 dai, the NDVI was significantly different from the infected
spikelets. In contrast, the PRI was significantly different from infected spikelets at an earlier
stage, 7 dai, but showed no significant difference to the non-inoculated control at late infection
stages. PSSR a and b differed between non-inoculated control and F. culmorum-infected
spikelets 3 dai. At 5 dai, these indices were significantly different between Fusarium infected
spikelets. PSSRa, b, and ¢ showed significant differences between non-inoculated control and
Fusarium species infected spikelets 30 dai. WI was similar to PRI in differentiating between
non-inoculated control and Fusarium infected spikelets, however, WI could differentiate
between them even at 30 dai (Table 5).

‘ DS H -0.05 H -0.72 H -0.86 H -0.88 H -0.83 H -0.87 H -0.82 H -0.85 H -0.85 H -0.79 H -0.83 %

‘ MTD H -0.10 H -0.11 H 0.11 H -0.03 H -0.08 H -0.15 H -0.19 H -0.16 H -0.10 H -0.23 ‘

‘ AT H 0.74 H 0.69 H 0.64 H 0.67 H 0.69 H 0.73 H 0.72 H 0.65 H 0.73E

‘ Fm H 0.84 H 0.82 H 0.81 H 0.79 H 0.83 H 0.82 H 0.75 H 0.85‘

‘Fw’FmH 0.84 H 0.78 H 0.70 H 0.75 H 0.76 H 0.73 H 0.71 E
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Figure 9. Correlation between disease severity (DS: diseased spikelet area %) and data from
different sensors: temperature difference between air and spikelet (AT), maximum temperature
difference (MTD), maximal fluorescence yields of dark-adapted spikelets (Fm), photochemical
quantum yield at steady state Y[Il], maximal photochemical efficacy of photosynthesis Il
(Fv/Fm), normalized difference vegetative index (NDVI), photochemical reflectance index
(PRI), pigment specific simple ratio (PSSRa, b, and c¢) and water index (WI). n = 126 pairs,
Pearson’s method.
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Table 5. Effect of Fusarium head blight caused by F. graminearum and F. culmorum on
spectral vegetation indices of wheat spikelets compared with the non-inoculated control.

Time [dai]
Index Treatment 3 5 7 12 17 n 30
Non-inoculated control 0.77a 0.76 a 0.77a 0.77a 0.76 a 0.74 a 0.55a
NDVI F. graminearum 0.72a 0.70a 068a 052b 047b 038b 0.30b
F. culmorum 0.75a 0.75a 0.72a 0.55b 0.46 b 0.40b 0.24b
Non-inoculated control -0.0la -0.01a -0.02a -0.02a -0.02a -0.03a -0.06a
PRI F. graminearum -0.02a -0.02a -0.03b -0.04b -0.05b -0.06b -0.06a
F. culmorum -0.02a -0.02a -0.03b -0.04b -0.05b -0.06b -0.06a
Non-inoculated control 7.10a 6.72a 7.21a 6.99 a 6.63 a 6.29 a 3.50a
PSSRa F. graminearum 5.85b 529D 496b 3.29b 2.81b 2.28b 1.86b
F. culmorum 6.46ab 6.56a 5.81b 3.48Db 2.73b 2.39b 157b
Non-inoculated control 5.53a 5.27a 5.68a 5.44 a 5.19a 4.94 a 2.99a
PSSRb F. graminearum 474b 442D 4.24b 3.03b 2.67b 2.23b 1.90b
F. culmorum 5.02ab 5.11a 4.65b 3.16 b 2.59b 2.33b 1.64b
Non-inoculated control 6.85a 6.47 a 6.96 a 7.18a 6.95a 6.94 a 4,96 a
PSSRc F. graminearum 5.88a 5.76 a 5.68b  4.53b 4.22b 3.67b 3.31b
F. culmorum 6.39a 6.75a 6.50 a 491b 4,18 Db 3.96 b 2.83b
Non-inoculated control 1.14 a 1.14 a 1.15a 1.16 a 1.15a 1.15a 1.12 a
WI F. graminearum 1l14a 1.13a 1.11b 1.05b 1.03b 1.02b 1.01b
F. culmorum 1.14a 1.13a 1.10b 1.05b 1.03b 1.02b 1.00b

NDVI, normalized difference vegetation index; PRI, Photochemical reflection index; PSSRa,
Pigment-specific simple ratio chlorophyll a; PSSRb, Pigment-specific simple ratio chlorophyll
b; PSSRc, Pigment-specific simple ratio carotenoid; WI, Water index. Within one column,

lowercase letters indicate significant differences between the parameters (Tukey’s HSD; P <
0.05, n = 6).

4.1.3.7. Support Vector Machine Classification of Infected and Non-Infected Spikelets at
Different Pathogenesis Stages

Sensor data (i.e., MTD and AT from IRT; Fm, Fv/Fm, and Y [II] from CFI; and NDVI, PRI,
PSSRa, PSSRb, PSSRc, and WI from HSI) were used as input parameters in a two-class
classification (non-inoculated/infected spikelets) using an SVM approach (Table 7). An
accuracy of 78% was obtained 3 dai using the parameters derived from IRT or HSI. This
accuracy varied between 78 and 100% depending on the disease stage and decreased to 67%
30 dai using the IRT parameters. The accuracy increased to 100% 12, 17, and 21 dai and
decreased to 78% on 30 dai using HSI parameters. Lower accuracy has been obtained when
using the CFI parameters as an input of SVM. An accuracy of 56% was observed 3 dai and the
maximum accuracy was 89% 7, 12, 17, and 21 dai, then it decreased to 78% 30 dai (Table 7).

Fusing parameters from two sensors showed no improvement in the classifier accuracy in all
combinations along the time of the experiment until 21 dai. However, fusing IRT or CFI with
HSI parameters increased the accuracy to 89% 30 dai. The best performance of the

combinations was achieved using the combination of IRT with HSI with a mean accuracy of
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90% over the time of the experiment. Multi-sensor data (i.e, IRT, CFl, and HSI) did not
improve the accuracy of the classifier, and the mean accuracy of multi-sensor data was 87%
over the time of the experiment (Table 7).

Table 4. Accuracy of two-class classification (non-inoculated/infected spikelets) using support

vector machine (SVM) for each assessment date using the defined parameters derived from
each sensor and combinations of different sensors.

Time Accuracy [%] of Two-Class Classification
[dai] IRT! CFI? HSI® IRT-CFlI IRT-HSI CFI-HSI Multi-Sensor (IRT-CFI-HSI)
3 78 56 78 67 67 56 56
5 100 67 78 67 100 78 100
7 78 89 89 78 78 78 78
12 78 89 100 100 100 100 100
17 100 89 100 100 100 100 100
21 78 89 100 89 100 100 100
30 67 78 78 67 89 89 78
Mean 82 79 89 81 90 86 87

LIRT, infrared thermography; 2 CFI, chlorophyll fluorescence imaging; 2 HSI, hyperspectral
imaging
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Figure 10. Spatio-temporal dynamics of Fusarium head blight caused by F. graminearum and
F. culmorum compared with non-inoculated control visualized by digital images (RGB),
thermograms (IR), maximum chlorophyll fluorescence false-color image (Fm), and water
index false-color image (WI) derived from spectral reflectance.
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4.1.4. Discussion

Optical sensors and non-invasive methods have recently attracted an increasing interest
(Gebbers and Adamchuk 2010; Mahlein et al. 2018). They are expected to play a major role in
detecting and monitoring plant diseases in the coming years (Lucas 2011). An application of
these technologies to monitor FHB might contribute significantly to secure cereal production
systems. Early detection and objective monitoring of FHB using proximal sensors such as IRT,
CFI, and HSI, individually or in combination enhance our knowledge to improve disease

management.

FHB symptoms are normally associated with a relatively low water content of infected
spikelets. This reduction in water content causes an increased temperature of the infected
spikelets compared with the non-inoculated control. This can be attributed to reduced
transpiration due to reduced water supply (Al Masri et al. 2017). IRT was successfully used in
detecting and monitoring FHB under field and controlled conditions (Al Masri et al. 2017;
Oerke et al. 2014). In the current study, Fusarium-infected spikelets showed higher
temperatures compared with non-inoculated control. This is in accordance with (Al Masri et
al. 2017; Oerke et al. 2014), where thermal images were analyzed considering the entire spikes.
Impeding the movement of assimilates above the preliminary site of infection leads to a
reduction in transpiration in the upper part of the spike. Additionally, the “plug of” of the
rachilla when the Fusarium infection moves from floret to rachilla can have a similar effect
(Lemmens et al. 2004). This reduction leads to a higher temperature in that part of the spike
(Al Masri et al. 2017). The higher temperature of infected spikelets allowed detection of FHB
at the early stages at 5 and 7 dai based on AT and MTD, respectively, as it was shown by Al
Masri et al. (2017).

Oerke et al. (2011) reported the possibility to detect apple scab infection due to (Venturia
inaequalis) before the symptoms become visible by IRT. The same was reported for downy
mildew of cucumber and grapevine leaves (Oerke et al. 2006; Stoll et al. 2008). In contrast, the
early detection of other pathosystems was associated with higher temperatures. Gomez (2014)
reported higher temperatures of rose leaves infected with downy mildew (Peronospora sparsa)
two days before symptoms become visible. The infection with Tobacco mosaic virus (TMV)
caused an increase in leaf temperature of tobacco. This is due to the closure of stomatal cells
because of the accumulation of salicylic acid after infection (Chaerle et al. 1999). The higher

sensitivity of IRT to detect leaf diseases pre-symptomatically compared with FHB could be
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attributed to the differences between the spikelet and the leaf structures. This results in
differences between the transpiration systems and leads to a higher temperature of spikes
compared with that of leaves (Ayeneh et al. 2002). IRT proved high potential not only in the
early detection but it also provided a more accurate assessment of FHB severity than the visual

assessment.

Biotic and abiotic stresses in plants have been widely studied using CFI during the last decade
(Bauriegel et al. 2011b; Chaerle et al. 2007; Cséfalvay et al. 2009; Scholes and Rolfe 2009). It
provides a direct, non-invasive measurement of the photosynthetic apparatus and information
about the impacts of fungal pathogens on host metabolism (Scholes and Rolfe 2009). The most
sensitive parameters, indicating downy mildew infection on the grapevine (Plasmopara
viticola) were Fv/Fm and Y [I1] of PSII. It was possible to detect the infection 3 days before
symptoms become visible (Cséfalvay et al. 2009). Kuckenberg et al. (2009) used Fm and Fv/Fo
for early and precise detection of brown rust (Puccinia recondita) and powdery mildew
(Blumeria graminis) on wheat. They reported that Fv/Fo was the most sensitive parameter
responsive to both diseases. They were able to detect the infection before symptoms became
visible or significant changes in the NDVI become pronounced. In the current study, Fv/Fm
and Y [I1] in addition to Fm showed also high sensitivity to monitor FHB. The potential of CFI
to characterize FHB on wheat was investigated first by (Bauriegel et al. 2010). They proved
the possibility of Fv/Fm to discriminate between healthy and infected spikes first at BBCH 75.
Using CFI, FHB was already detectable from 5 dai onwards which is in accordance with
Bauriegel et al. (2010, 2011b). However, the very early infection could be distinguished
through a few pixels with lower Fm values (Figure 10). As already discussed, the plugging of
the rachis has a side effect on water movement upwards, detectable by IRT, but not by CFI. In
contrast, CFI is sensitive to detect the local Fusarium infection at early stages (< 5%) when

symptoms on glumes are difficult to be captured by IRT.

Hyperspectral imaging provides new insights in studying FHB compared with the other two
sensors by investigating a broader spectral range from 400-2500 nm in narrow bands per pixel.
This was pronounced in the spectral difference between infected spikelets and non-inoculated
control along the electromagnetic spectrum. The high sensitivity of HSI has been proved for
early detection of Fusarium infection before the symptoms become visible to the human eye
(Bauriegel et al. 2011a). Furthermore, HSI was used to quantify wheat resistance to FHB
(Alisaac et al. 2018). It was shown that the assessment of lesion phenotypes of Cercospora leaf

spot by HSI can be a good reporter of sugar beet variety resistance (Leucker et al. 2016, 2017).

38



PUBLICATIONS

Kuska et al. (2015, 2017) investigated the resistance reaction of different barley genotypes to
powdery mildew (Blumeria graminis f.sp. hordei). They proved the potential of HSI to
characterize this pathosystem depending on the resistance/susceptibility of the infected barley

genotype.

The wavelength near 700 nm had the most pronounced response to Cercospora leaf spot of
sugar beet. This response is due to the correlation between this wavelength and chlorophyll
content (Mahlein et al. 2010). In the current study, the effect of FHB infection was most
pronounced for the wavelengths 500, 675, and 760 nm in the VIS-NIR range, and for
wavelengths 1440, 1884, and 2000 nm in the SWIR range.

Spectral vegetation indices (SV1s) indicate specific parameters of plant functions. This reduces
the data dimensionality and the computation time as well instead of considering the entire
spectrum, (Delalieux et al. 2009; Mabhlein et al. 2010). However, a single vegetation index is
not specific enough to differentiate between plant diseases or stress factors (Mahlein et al.
2010). Huang et al. (2007) correlated the DS to PRI and proved the potential of PRI to quantify

yellow rust severity in winter wheat.

Out of the six vegetative indices used in this study, NDVI, PRI, PSSR (a, b and c), and WI
(Blackburn 1998a; Gamon et al. 1992; Penuelas et al. 1997; Rouse et al. 1974), PSSRa and
PSSRb had the highest sensitivity for early detection of Fusarium infection. This is in
accordance with the study of (Alisaac et al. 2018), which proved a high correlation between
these indices and FHB infection on the spike scale. In the case of apple scab infection,
Delalieux et al. (2009) claimed that the performance of SVIs depends on disease development
and leaf age. The presence of plant pigments including chlorophyll a and chlorophyll b plays a
key role affecting spectral reflectance (Moroni et al. 2013). These pigments are controlled by
the chemical and the biological activity of the host plant (Sims and Gamon 2002). The second
role affecting the spectral reflectance is the physical structure and the water content of the plant
tissue (Fourty and Baret 1997). Mahlein et al. (2010) used PSSRa and PSSRb in combination
with other SVIs to characterize Cercospora beticola, Erysiphe beticola, and Uromyces betae
on sugar beet. They proved the possibility to differentiate between the three diseases using at
least two indices in combination. As shown in this study, SVIs can be good indicators when
they are correlated to each other and the parameters derived from CFl and IRT (Figure 9). This
correlation can help to substitute one sensor by the other according to the application conditions

in the field or the greenhouse.
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An evaluation of the sensor’s feasibility to monitor plant diseases depends on the individual
parameters of each sensor. Previous studies showed that HSI imaging technologies are more
sensitive compared with non-imaging technologies (Mahlein et al. 2012a). A further factor
influencing the data quality is the distance between the object and the sensor. It is therefore of
high importance to identify a proper measuring setup for each individual sensor. In the current
approach, optical sensors with different technical parameters were compared with each other
based on their data.

A support vector machine (SVM) approach was applied by Alisaac et al. (2018) to classify
healthy and Fusarium-infected spikes using SVIs derived from HSI. They showed an increased
accuracy starting from 79% at 4 dai to 95% at 17 dai. This is in accordance with the results of
the current study that proved increasing accuracy from 78% at 3 dai to 100% at 12, 17, and 21
dai. The decrease in classification accuracy 30 dai is due to the senescence in the non-

inoculated control spikelets.

In the current study, the highest classification accuracy of 89% was achieved based on the
spectral vegetation indices of the spikelets derived from HSI. This was followed by parameters
derived from IRT and CFI with classification accuracies of 82 and 79%, respectively. This
confirms the results of Moshou et al. (2005) who compared HSI with CFI to discriminate wheat
leaves infected with yellow rust from healthy leaves. They showed that the classification

accuracy using three bands from HSI was higher than using CFI parameters.

In the current approach, combining parameters from IRT and HSI gave the best improvement
in the classification accuracy especially at 30 dai. Other combinations (i.e., IRT-CFI, CFI-HSI)
gave no improvement if the classification accuracy compared with the individual sensor. This
is in contrast with the results of Chaerle et al. (2007) and Moshou et al. (2005). They proved
that IRT provides a higher potential of non-invasive measurement when combined with CFI to
characterize plant diseases. In addition, combining CFI with HSI parameters improved the
accuracy of quadratic discriminant analysis (QDA) to 94.5% compared with the individual
sensor when they were used to classify Puccinia striiformis infection. These results are due to

the differences in the host plant and the pathogen in these studies.

Berdugo et al. (2014) applied a discriminant analysis approach using multi-sensor data (IRT-
CFI-HSI) on cucumber diseases. They proved the possibility of early discrimination of
symptoms of Cucumber mosaic virus (CMV), Cucumber green mottle mosaic virus

(CGMMYV), and powdery mildew due to Sphaerotheca fuliginea on cucumber. In the current
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study, multi-sensor data of IRT-CFI-HSI did not improve the accuracy compared with the other
combinations. This shows that the combination of IRT-HSI was superior not only to the other

combinations but also to multi-sensor data (IRT-CFI-HSI) in monitoring FHB on wheat.

4.1.5. Conclusions

The present study showed that the use of different sensors allows to detect FHB infection on
wheat spikelets and to monitor the damage of Fusarium species on wheat spikes. This can
improve resistance phenotyping of wheat to FHB. Sensors data derived from IRT, CFI, and
HSI showed a high correlation, and combined, they are describing the development of disease
severity. Data derived from HSI was most sensitive to identify the early response of wheat
plants to FHB infestation followed by IRT and CFIl. The combination of data derived from
HSI-IRT gave superior accuracy over the time of the experiment, and it seems to be most
promising. Sensor data can contribute substantially to the monitoring of FHB but the suitability
of multi-sensor application under field conditions and on canopies of cereal will be the next

step of investigations.
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Abstract

Interactions of Fusarium species with different wheat varieties differ in their temporal
dynamics and symptom appearance. Reliable and objective approaches for monitoring
processes during infection are demanded for plant phenotyping and disease rating. This study
presents an automated method to phenotype wheat varieties to Fusarium head blight (FHB)
using hyperspectral sensors. In time-series experiments, the optical properties of spikes
infected with F. graminearum or F. culmorum were recorded. Two hyperspectral cameras, in
visible and near-infrared (VIS-NIR, 400-1000 nm) and shortwave-infrared (SWIR, 1000-2500
nm) captured the most relevant bands for pigments, cell structure, water, and further
compounds. Correlations between disease severity (DS), spike weight, spectral bands and
vegetation indices were investigated. Following, the detectability of infections was assessed by
the Support Vector Machine (SVM) classifier. A variety ranking based on AUDPC was
performed and compared to a fully-automated approach using Non-metric Multi-Dimensional
Scaling (NMDS). A high correlation was found between the spectral signature and DS in 430-
525 nm, 560-710 nm and 1115-2500 nm. All indices from the VIS-NIR showed a high
correlation with DS and, for the first time, this was also confirmed for three indices from the
SWIR: NDNI, CAIl and MSI. Using SVM, differentiation between healthy and infected spikes
was possible (acc. > 0.76). Furthermore, the possibility to differentiate between F.
graminearum and F. culmorum-infected spikes has been verified. The NMDS approach was
able to reproduce accurately the variety ranking and outlines the potential of hyperspectral

imaging to phenotype the variety susceptibility for improved breeding processes.

42


https://doi.org/10.1007/s10658-018-1505-9

PUBLICATIONS

4.2.1. Introduction

Fusarium head blight (FHB) is considered as one of the most important fungal diseases of
wheat because it causes high crop losses and can lead to high economic losses (Johnson et al.
2003; McMullen et al. 2012; Salgado et al. 2015). In addition, kernels of infected spikes are
small, shrunken, discolored and light in weight and the technological quality is also affected
(Kreuzberger et al. 2015; McMullen et al. 2012). The most important Fusarium species
inducing FHB are Fusarium graminearum, F. culmorum, F. poae, F. avenaceum, F.
sporotrichioides, F. equiseti (Aoki et al. 2014; O’Donnell et al. 2004; Parry et al. 1995).

In wheat, FHB infection is initiated by airborne spores resulting from the mycelium and from
the debris of the former crop. Infection may take place during flowering, preferably at warm
temperature > 25°C with 100% relative humidity (RH). The germ tubes of conidia enter the
spikelet tissue through the natural openings in the spikelet and the degrading anther tissue
(Bushnell et al. 2003; Osborne and Stein 2007). First symptoms appear on infected spikelets
as water-soaked spots. With ongoing disease development, the chlorophyll decomposes and
the whole spikelet becomes bleached. In warm humid weather, pinkish-red mycelium and
conidia develop in the infected spikelets (Trail 2009). The infection spreads to adjacent
spikelets horizontally and vertically, up and down through the entire spike (Figure 11) (Al
Masri et al. 2017; Brown et al. 2010; Ribichich et al. 2000). The main reason to focus on FHB
is its ability to produce mycotoxins. Mycotoxins secreted by Fusarium species are toxic and
detrimental to humans and animal nutrition (McCormick 2003; Pestka 2010). The main
mycotoxins produced by these species are trichothecenes, mainly deoxynivalenol (DON) and
its derivatives as well as zearalenone, fusaric acid, fusarenon or enniatins (Birzele et al. 2002;
Ferrigo et al. 2016).

In order to achieve effective management of FHB, different control strategies must be
combined. Integrated crop protection strategies include cultural practices such as crop rotation,
biological control or fungicides application (Gilbert and Haber 2013). Thereby, breeding of
resistant wheat varieties contributes to the integrated control of FHB (Dweba et al. 2017).
These varieties should combine both types of FHB resistance (Mesterhazy et al. 2007), i.e.
Type | resistance (resistance to the initial infection (penetration)), and Type Il resistance
(resistance against pathogen spread from the point of infection) (Schroeder and Christensen
1963). Effective resistance breeding needs interdisciplinary research, integrating plant

breeding, phytopathology, informatics and long investigation time. To achieve resistant
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varieties, an important step in breeding programs after generating a new genetic variation is
phenotyping. This approach relies on precise visual assessment of the disease severity after
artificial inoculation (Steiner et al. 2017). According to Furbank and Tester (2011), precise and
innovative methods for identifying and characterizing disease symptoms in an early stage of
infection are needed. Until today, the phenotyping process is still a limiting factor in plant
breeding, because it is time-consuming, and cost-intensive (Mahlein 2016). In the case of FHB,
this process is especially challenging as Fusarium species can infest the wheat spike and
produce mycotoxins without developing visual symptoms. Within this context, optical sensors
beyond the capability of the human eye are beneficial to improve phenotyping (Kuska and
Mahlein 2018).

Various sensors are applied for the detection, identification, and quantification of plant diseases
like thermography, fluorescence, and hyperspectral sensors (Mahlein 2016). Recently
hyperspectral imaging has shown to be useful as a precise and non-destructive tool in
characterizing resistance to powdery mildew in barley, and in lesion characterization in
Cercospora beticola-sugar beet interaction (Kuska et al. 2017; Leucker et al. 2016; Thomas et
al. 2017). One of the challenges in hyperspectral imaging is the high dimensionality and
massive amount of data (Behmann et al. 2015; Fahlgren et al. 2015; Thomas et al. 2018).
Spectral vegetation indices (SVIs) are a straightforward approach to reduce the data
dimensionality relying on only a few specific wavelengths. Qualitative and quantitative
information concerning the plant pigments, biomass, tissue structure, water content and plant
chemicals can be obtained using these indices (Xue and Su 2017). SVIs showed a good
capability to detect FHB on wheat and to discriminate sugar beet diseases caused by
Cercospora leaf spot, powdery mildew and leaf rust (Bauriegel et al. 2011a; Mabhlein et al.
2012b). Moreover, they have been used as features in the support vector machine (SVM)

approach to classify sugar beet leaves infected with different pathogens (Rumpf et al. 2010).

The hypothesis of this study is, that wheat varieties differ in their susceptibility to FHB and
that these differences can be determined and assessed by hyperspectral imaging. Therefore,
hyperspectral images of different wheat varieties inoculated with F. graminearum or F.
culmorum were taken in the spectral range from 400-2500 nm during the pathogenesis. A set
of fifteen SVIs were used in SVM classification to discriminate healthy, F. graminearum and
F. culmorum-infected spikes. Furthermore, a selection of SVIs was used in non-metric
multidimensional scaling (NMDS) to rank wheat varieties according to their susceptibility to
FHB.
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This study is designed to improve non-destructive and non-invasive screening methods for

FHB resistance using the application of hyperspectral imaging technique.

4.2.2. Material and Methods

4.2.2.1. Plant Cultivation

Greenhouse experiments were performed using seven varieties of spring wheat (Triticum
aestivum L.) with different resistant degrees to FHB (ranging from 1-9 scale where 1 is highly
resistant and 9 is highly susceptible): Thasos (3) (Strube, Séllingen, Germany), Triso (4) (DSV,
Lippstadt, Germany), Passat (4), Scirocco (4), Chamsin (5), Taifun (6) (KWS, Einbeck,
Germany) and Sonett (6) (Syngenta, Basel Switzerland) (Anonymous 2017). Pots of 12x12x20
cm size were filled with a mixed substrate 1:3:6 of sand, horizon C and potting substrate ED
73 (Einheitserde, Sinntal-Altengronau, Germany). Five seeds per pot were cultivated at 20 +
2°C and 50-70% RH (two pots for each variety). Pots were randomized in the greenhouse and
supplemental artificial light (> 300 pmol m? s, Philips SGR 140, Hamburg, Germany) was
used to obtain a photoperiod of 16/8 h (day/night). After germination, two seedlings were left

per pot and were supported by sticks to avoid lodging. Plants were watered as necessary.

4.2.2.2. Fusarium Inoculation and Disease Severity Assessment

Fusarium graminearum, isolate S.19, and F. culmorum, isolate 3.37 were used for inoculation
(INRES-Plant Diseases and Plant Protection, University of Bonn, Germany). The isolates were
obtained from infected wheat kernels from field experiments (Campus Klein-Altendorf,
Rheinbach, Germany) in 2011 and 2004, respectively. They were stored as cryo culture at -
80°C. The inoculum was produced according to the method of Moradi (2008) using potato
dextrose agar (PDA, 39 gL™), potato dextrose broth (PDB, 24 gL™) and low strength potato
dextrose agar (LSPDA, 12.5 gL and agar-agar, 19.5 gL™). Conidia were harvested in water
and the inoculum suspensions were adjusted to 10° conidia mL? using a Fuchs-Rosenthal
chamber. Spikes of four plants of each variety were inoculated at plant growth stage (GS) 61-
65 according to (Lancashire et al. 1991), with each Fusarium species separately by spraying
the inoculum suspension until runoff. In addition, four control plants of each variety were
mock-inoculated with water. For optimal infection, plants were incubated at 22-25°C and 95%
RH for 48 h, by covering each treatment by a plastic bag according to Mesterhazy et al. (2015).
After incubation, six spikes of each treatment were fixed on a black metal grid in order to keep

the spikes in the same orientation along the time of the experiment. Spikes were sprayed with
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tap water until runoff every day, which kept the spikes wet for 1-2 h per day to provide

appropriate conditions for disease development.

The disease severity (DS) was assessed according to the formula of Stack and McMullen
(1998) 4, 6, 8, 10, 13, 17, 21 and 30 days after-inoculation (dai).

. . symptomatic area of the spike
disease severity = 22 ! P 4100 (1)
whole area of the spike

Reduction in spike weight was calculated as following:

spike weight ontroi—Spike Weightinfected * 100 (2)

spike weight reduction = , .
spike weight control

Correlations and statistically significant differences between treatments in spike weight were
calculated using RStudio. Spike Weight data were analyzed by standard analysis of variance
(ANOVA) with a significance level p <0.05, n = 6.

4.2.2.3. Hyperspectral Imaging

Hyperspectral imaging was performed with artificial illumination at 4, 6, 8, 10, 13, 17, 21, and
30 (dai). The reflectance of the spikes was recorded in the spectral range from 400 to 1000 nm
using the hyperspectral camera ImSpector V10E (Spectral Imaging Ltd., Oulu, Finland) with a
spectral resolution up to 2.8 nm and a sensor pixel size of 0.0074 mm which results in a spatial
resolution of 0.219 mm per pixel. A spectral binning of 4 was used resulting in 211
hyperspectral bands. A SWIR-Camera (ImSpector N25E, Spectral Imaging Ltd., Oulu,
Finland) with a spectral resolution up to 5.8 nm resulting in 256 hyperspectral bands was used
to record hyperspectral images in the spectral range from 1000 to 2500 nm. The spatial
resolution is 1.02 mm per pixel with 320 pixels per scan line. Both cameras and the illumination
system were mounted on a motorized line scanner (Velmex BiSlide, Velmex Inc., Bloomfield,
USA). Camera settings and the control of the motorized line scanner were adapted using the
SpectralCube software (Spectral Imaging Ltd., Oulu, Finland). For hyperspectral imaging,
spikes were laid horizontally with a homogeneous background. A homogeneous illumination
was realized with six ASD-Pro-Lamps (Analytical Spectral Devices Inc., Boulder, Colorado,

USA) at a distance of 665 mm and a 45° vertical slope to the spikes.

The whole setup was preheated for 30 minutes before image acquisition in order to get constant
and reproducible illumination conditions. The cameras were focused manually and the
exposure time was adjusted to the object. For image reflectance calculation four images were

taken: A white reference bar (Spectral Imaging Ltd., Oulu, Finland) which reflects ~99% of
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the radiated light. Subsequently, a dark current image was recorded by closing an internal
shutter of the camera. Finally, the image of the spikes was taken with a subsequent second dark
current image. The software “Processing Imspector 3.1” (Geoscap, Cologne, Germany) was
used to calculate the reflectance from white reference and dark current measurements. The
signals from hyperspectral images were smoothed by applying the Savitzky-Golay filter (25
centered supporting points and a third-degree polynomial). Masking and visualizing of image
data was done using HSVaP (“Hyperspectral Visualization and Processing’), an Open Source
software for supervised and unsupervised analysis of hyperspectral images. The program was
initially developed in the 1GG-Geoinformation, University of Bonn, and its development is
continued in the INRES-Plant Diseases and Plant Protection department (available at

http://www.ikg.uni-bonn.de/forschung/hsvap.html). It combines training data generation by

active learning, clustering, classification and feature weighting in a uniform dataflow based on
pure Java and established machine learning libraries. The calculation of mean spectral
reflectance was done by MATLAB 2013a.

4.2.2.4. Spectral Vegetation Indices

In order to investigate the correlation between SVIs and FHB infection, fifteen vegetation
indices related to different physiological parameters were calculated from the visible (VI1S), the
near-infrared (NIR) and the short-wave infrared (SWIR) ranges (Table 5). In the following text,
the defined abbreviations for the indices are used. The full description can be found in Table
5. Pearson’s correlation coefficient was calculated in RStudio to investigate the relationship

between SVIs and DS.

4.2.2.5. Support Vector Machine Classification

Two class classification (healthy/infected) and multiclass classification (healthy/F.
graminearum/F. culmorum) were performed both in RStudio using values of twelve calculated
SVIs in VIS-NIR range and alternatively, using the whole spectral reflectance (432 bands). For
the identification of FHB diseases, 1/3 of the data was selected randomly as training data to
learn Support Vector Machine (SVM) classifier with Radial Basis Function (RBF) kernel
(Cortes and Vapnik 1995). A grid-based approach was applied to optimize the parameter cost
(C) and gamma (y) to specify the best radial basis function. The test data was separated from
the training data to evaluate the model by cross-validation. Important performance measures
were the overall accuracy of the model and the sensitivity which gives the proportion of the

correctly classified spikes of each class.
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Table 5. Spectral vegetation indices used in this study: Equations, biological indicators, and the references are given.

Index Equation Indicator Reference
modified Simple Ratio MSR = (R7s0 - Raas) / (R70s + Ras) Green biomass (Sims and Gamon 2002)
Normalized Differences Vegetation Index NDVI = (Rsoo - Re70) / (Rsoo + Re70) Biomass, leaf area (Rouse et al. 1974)

Photochemical Reflection Index

PRI = (Rs31 - Rs70) / (Rs31 + Rs70)

Epoxidation state of xanthophyll
cycle; pigments and photosynthetic (Gamon et al. 1992)
radiation use efficiency

Structure Insensitive Pigment Index

SIP1 = (Rsoo - Rass) / (Rsoo + Rego)

Carotenoid: chlorophyll a ratio (Penuelas et al. 1995)

PSSRa = Rgoo / Reso

Chlorophyll a

(Blackburn 1998a;

Pigment Specific Simple Ratio PSSRb = Rsoo / Ress Chlorophyll b
. Blackburn 1998b
PSSRc = Ragoo / Ra7o Carotenoids )
PSNDa = (Rsoo - Reso) / (Rsoo + Reso) Chlorophyll a _
Pigment Specific Normalized Difference PSNDb = (Rsoo - Re3s) / (Rsoo + Ress) Chlorophyll b (BBILacCIi(bbuurrnn 119999885’
PSNDc = (Rsoo - R470) / (Rsoo + Ra70) Carotenoids
Plant Senescence Reflectance Index PSRI = (Reso - Rsoo) / R7s0 Plant senescence (Merzlyak et al. 1999)
Water Index WI = Rooo / Reo Water content (Penuelas et al. 1997)
Moisture Stress Index MSI = (R1s99 / Rs19) Water stress (Hunt and Rock 1989)
. (Daughtry 2001;
=0. + -
Cellulose Absorption Index CAIl = 0.5 (Rzo00 + R2200) - R2100 Cellulose Nagler et al, 2003)
. . : NDNI = [log(1/R - log(1/R / :
Normalized Difference Nitrogen Index [og(1/Ris0) - log(1/Riseo)] Nitrogen (Serrano et al. 2002)

[log(1/Ras10) + l0g(1/Ru6s0)]
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4.2.2.6. Multi-Dimensional Scaling for Information Compression

A high number of suitable vegetation indices for the detection of plant stress, senescence, and
bleaching from the VIS, NIR, and SWIR spectral reflectance were investigated in this study.
Each of these mathematical formulas provides a slightly different view on parameters of
interest from hyperspectral data. To extract an informative description of the plant’s state or
plant diseases, a single index is not enough but the comprehensive information of multiple
indices needs to be combined (Behmann et al. 2015; Mahlein et al. 2010; Rumpf et al. 2010).

Non-metric multidimensional scaling (NMDS) is an unsupervised method to define a non-
parametric transformation between an original space and a target space with defined
dimensionality by minimizing the change in the inter-point Euclidean distances di;, measured
by “Stress” (Kruskal 1964).

2\ 1/2
%1 (@i = llxi=x;1) > (3)

Stressp(xy, X5, ..., Xy) = .
2i,j dij

Based on a dissimilarity matrix D, the stress is minimized by a gradient descent approach
leading to the transformed data points x in the target space with desired dimensionality (Borg
and Groenen 2005). The resulting coordinates are not fixed with respect to rotation or
translation as only the distances between the data points are regarded. Here, NMDS was used
to compress the information of the seven most relevant vegetation indices in a one-dimensional
ordinal scale representing the disease severity sensed by the hyperspectral camera. The rating
of the respective variety control group was subtracted to remove the effect of natural

senescence.

4.2.3. Results
4.2.3.1. Disease Severity

In all varieties, senescence started in healthy spikes from 21 dai. First FHB symptoms appeared
on all inoculated varieties 4 dai (Figure 11). The disease severity of F. graminearum started <
20% in all varieties and developed gradually. In Scirocco, severe symptoms have been shown
already 4 dai with a disease severity > 60% (Figure 12). The infection increased gradually in
moderate resistant varieties until the end of the experiment, whereas the infection increased
rapidly in susceptible varieties. The disease severity was > 50% in Scirocco, Taifun and Thasos
from 8 dai. The disease severity of F. culmorum was lower than of F. graminearum in all tested

varieties except Chamsin. The infection increased rapidly in Chamsin and Taifun and the
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disease severity was > 50% 10 dai. Finally, the high susceptible varieties had completely
bleached spikes 13 dai (Figure 11).

I
/

Figure 11. Visual symptoms of FHB on moderately resistant variety (Passat) and susceptible
variety (Taifun) in different development stages of the disease, with NDVI visualization.

RGB

Passat F, culmorum

Infected

Taifum F graminearum

10 13 13 17 21 30

Time [dai] Time [dai]

4.2.3.2. Progress of Spectral Signature of Control and FHB Infected Spikes

Mean spectral signatures of control spikes in all varieties were similar from 4-8 dai (Figure
13a). Taifun showed a slight increase in VIS and SWIR reflectance from 10 dai (Figure 13b).
The similarity in the spectral signature of control spikes lasted until 21 dai (Figure 13c). Due
to differences in senescence state, significant differences in spectral signatures can be shown
30 dai.

Changes in spectral signatures of F. graminearum-infected spikes appeared from 4 dai (Figure
14a). The susceptible variety Scirocco showed higher reflectance in the spectral range 460-670
nmand in the SWIR. With ongoing disease development, spectral signatures differed according
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to the resistance of the varieties starting from 8 dai (Figure 14b). The highly susceptible
varieties Scirocco and Taifun showed an increased reflectance along the whole spectral range.
In contrast, a slight increase in reflectance intensity has been shown in the moderate resistant

varieties Chamsin and Passat (Figure 14b).

Varieties infected with F. culmorum showed less differences in spectral signatures. The
susceptible variety Taifun showed an increased reflectance from 550-670 nm and in the SWIR
from 4 dai (Figure 14d). This reflectance pattern became more prominent 13 dai (Figure 14e).
Passat showed an increased reflectance over the whole spectrum during the experimental
period (Figure 14d,e,f). Whereas, moderate resistant varieties showed a later increase of the

reflectance in VIS and SWIR and with a different spectral pattern.

All varieties infected with any of Fusarium species showed lower reflectance in the NIR range
comparing to control spikes starting at 4 dai. The spectral signatures of infected spikes showed

a non-vegetative pattern in the VIS-NIR range (Figure 14c,f).

4.2.3.3. Spectral Signature and Spectral Vegetation Indices Correlation with Disease
Severity

To investigate the affected wavelengths by FHB, Pearson’s coefficient between all spectral
bands and disease severity was calculated (Figure 15). For this approach, hyperspectral
signatures were separated to identify important time periods in the pathogenesis in groups for
4-10 dai, 13-30 dai, and 4-30 dai. A high positive correlation (r > 0.75) has been shown in the
spectral ranges 430-525 nm, 560-710 nmand 1115-2500 nm in all time period groups. Negative
correlation (r <-0.6) has been shown in the spectral range 740-810 nm using the measurement

time points 4-10 dai. This correlation decreased using 4-30 dai and 13-30 dai as data sets.

The fifteen proved vegetation indices which correlated with physiological parameters (Table
5), showed a high correlation with disease severity (Figure 16a). The indices NDVI, SIPI,
PSNDa and PSNDb showed the highest absolute correlation with the disease severity (r > 0.81)
in the VIS-NIR range 4 dai. Whereas in the SWIR, MSI reached a peak correlation with disease
severity of r = 0.9. During the experimental period, the absolute correlation between the
calculated spectral indices and disease severity increased until 21 dai. In addition, mSR,
PSSRa, PSSRb and CAI showed an increased absolute correlation until 30 dai.
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Figure 12. Disease progress curve of wheat varieties inoculated with mock inoculation (water),
F. graminearum, and F. culmorum separately. (mean £ SD, n = 6).
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Figure 13. Progress of spectral signature of control spikes 4, 21, and 21 dai respectively.
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Figure 16. Correlation between spectral vegetation indices and disease severity (a), and
correlation between spectral vegetation indices over time and spike weight at harvest of wheat
varieties (b).

4.2.3.4. Effect of FHB on Spike Weight and Correlation with Spectral Vegetation Indices
The loss in spike weight depended on the variety and the inoculated Fusarium species (Figure
17). Reduction in spike weight caused by F. graminearum was higher than by F. culmorum in

all varieties except Chamsin and Taifun. The spike weight reduction due to F. graminearum
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ranged between 30.86% in Taifun and 67.30% in Passat. The effect of F. culmorum ranged
between 28.63% in Sonett and 51.84% in Chamsin.

SVIs showed a gradual increased correlation over time with spike weight at harvest until 13
dai or 21 dai depending on the specific index (Figure 16b). For mSR the highest correlation
was reached at 13 dai by r = 0.75. Afterward, WI had the highest correlation with the spike
weight reduction until 21 dai (r = 0.79).

100
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Chamsin Passat Scirocco Sonett  Taifun  Thasos  Triso

Figure 17. Normalized reduction in spike weight of wheat varieties caused by Fusarium
species. Data were analyzed by standard analysis of variance (ANOVA, n = 6), marked by
significance (*, p < 0.05) or high significance, (***, p <0.001).

4.2.3.5. Two Class and Multiclass Classification of Control and FHB Infected Spikes

In the first step, SVM was used in two-class classification to differentiate between healthy
spikes and FHB infected spikes. Classification results based on SVIs calculated from the VIS-
NIR range were compared in their accuracies with the classification results based on spectral
reflectance (Table 6). Both classification accuracies increased over time with increasing
disease severity until 4-8 dai and 13-17 dai. Thereafter, accuracies started to decrease when the
natural senescence started in control spikes (Table 6). Except for the first two measuring time
points, the accuracy of spectral reflectance classification was higher than the accuracy of SVIs
classification. In general, the accuracy was > 0.76 in both cases and reached 0.99 at 13 and 17

dai for the classification based spectral reflectance.

The multiclass classification has been implemented to investigate the capability of SVM to
discriminate healthy, F graminearum, and F. culmorum-infected spikes. In the case of SVIs
classification, the accuracy increased gradually until 13 dai and reached 0.76, then slight
decrease has been shown until the end of the experiment (Table 6). Accuracy of spectral

reflectance classification fluctuated during the experimental period. The highest accuracy of
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0.77 has been reached 13 dai. Except for 6 dai, the accuracy was higher than > 0.61 for all
measured time points.
Table 6. Accuracies of two-class and multiclass SVM classification based on hyperspectral

data over time. Comparison between classification accuracies using twelve spectral vegetation
indices (SVIs) and using the whole spectral reflectance 432 bands.

Two class classification Multiclass classification

Tim SVIs Reflectance SVis Reflectance
4 0.79 0.76 0.49 0.65
6 0.87 0.86 0.61 0.51
8 0.93 0.94 0.67 0.67
10 0.89 0.96 0.71 0.61
13 0.94 0.99 0.76 0.77
17 0.95 0.99 0.70 0.70
21 0.87 0.96 0.74 0.68
30 0.90 0.93 0.58 0.61

The confusion matrix at 13 dai shows that discrimination between control and Fusarium spp.
infected spikes using SVM classification is possible with a general accuracy of > 0.76 (Table
7). Control spikes are better predicted with a sensitivity of > 0.97. Whereas, the prediction
between F graminearum and F. culmorum-infected spikes is possible in advances stages of
infection with an average sensitivity of 0.65 (Table 7). Results of SVM multiclass classification
based on hyperspectral data over the experimental period are indicated in Table 8.

Table 7. Confusion matrix of SVM multiclass classification 13 dai. Comparison between

classification results using spectral vegetation indices (SVIs) (above), and using the whole
spectral reflectance (below).

SVI

Ground truth
Control F. culmorum F. graminearum

S Control 29 1 2
E F. culmorum 1 14 4
&’ F. graminearum 0 12 21

Sensitivity 0.97 0.52 0.78

Reflectance
Ground truth
Control F. culmorum F. graminearum

& Control 26 0 1
g F. culmorum 0 19 9
&’ F. graminearum 0 9 20

Sensitivity 1 0.68 0.67
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Table 8. Results of SVM multiclass classification based on hyperspectral data over time. Comparison between classification results using spectral
vegetation indices (SVIs), and using the whole spectral reflectance.

SVIs Reflectance
Time [dai] Accuracy Sensitivity Accuracy Sensitivity
Control F. culmorum F. graminearum Control F. culmorum F. graminearum
4 0.49 0.70 0.45 0.31 0.65 0.89 0.48 0.60
6 0.61 0.74 0.52 0.54 0.51 0.87 0.62 0.16
8 0.67 1.00 0.23 0.86 0.67 1.00 0.70 0.35
10 0.71 0.84 0.64 0.63 0.61 0.73 0.37 0.70
13 0.76 0.97 0.52 0.78 0.77 1.00 0.68 0.67
17 0.70 0.89 0.37 0.88 0.70 0.90 0.71 0.52
21 0.74 0.94 0.54 0.71 0.68 0.87 0.32 0.84
30 0.58 1.00 0.64 0.21 0.61 1.00 0.74 0.10
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4.2.3.6. Variety Ranking Based on Area under Disease Progress Curve and Non-Metric
Multi-Dimensional Scaling

Spectral vegetation indices which are highly correlated to disease severity were selected due to
their potential capability to differentiate between healthy and infected spikes. These SVIs were
projected by NMDS onto a one-dimensional ordinal scale. This scale represents the disease

severity sensed by the hyperspectral camera.

Figure 18 shows the variety ranking according to the area under disease progress curve
(AUDPC) (Figure 18a,c), and non-metric multidimensional scaling (NMDS) (Figure 18b,d).
The proved varieties showed different responses to the two investigated Fusarium species
indicated in AUDPC (Figure 18a,c). The varieties Scirocco and Taifun infected with F.
graminearum showed high susceptibility with an AUDPC > 2000 (Figure 18a). In contrast,
Chamsin showed moderate infestation with an AUDPC > 1000. Most proved varieties revealed
an AUDPC between 1300 and 1700 due to F. culmorum infection (Figure 18c). High
susceptibility to F. culmorum was only indicated by Taifun with an AUDPC > 2000.

The results show that most proved varieties stayed in the same position in the ranking either
using AUDPC or NMDS. Slight differences have been shown in variety order. The ranking of
F. graminearum-infected varieties (Figure 18a,b) Thasos and Sonett differed two levels up and
down using NMDS comparing to the AUDPC. F. culmorum-infected variety Chamsin differed
two levels up (Figure 18c,d). Triso and Scirocco differed one-level down. Thasos and Passat

exchanged their ranking using NMDS comparing to AUDPC.

4.2.4. Discussion

The main effects of FHB on wheat spikes are chlorosis, collapse in spikelet tissue, and disorder
in the water system of the spikelets and the spike. The extent and the dynamic of symptom
development depend on the host plant resistance (Al Masri et al. 2017; Ha et al. 2016; Trail
2009). Former studies showed the feasibility of hyperspectral imaging to assess visible and
non-visible symptoms caused by fungal diseases (Bauriegel et al. 2011a; Delalieux et al. 2009;
Mahlein et al. 2010). Characteristic spectral signatures in the VIS-NIR and SWIR are caused
by alterations in pigment composition, tissue structure and plant water content (Mahlein 2016).
In this study, the spectral reflectance was affected according to the susceptibility of wheat
variety. The reflectance increased in VIS from 430-525 nm, 560-710 nm due to a rapid invasion
of the pathogen which resulted in chlorophyll decomposition. The increase in reflectance

intensity of susceptible varieties was higher compared to resistant varieties. Comparing
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Fusarium species, the reflectance in F. graminearum-infected spikes was higher compared to
F. culmorum-infected spikes. This is presumably attributed to the high virulence of F.

graminearum isolate used in this study comparing with F. culmorum isolate.

The correlation between disease severity and the individual spectral signature differs according
to the symptoms caused by the pathogen (Mahlein et al. 2010). Plant senescence and
chlorophyll decomposition result in an increase in reflectance intensity in the spectral ranges
400-530 nmand 550-740 nm (Merzlyak et al. 1999). This is consistent with the high correlation
between the wavelengths from 430-525 nm and 560-710 nm and FHB disease severity
confirmed in this study. Likewise, a high correlation of SVIs derived from the VIS-NIR range

and disease severity has been confirmed.
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Figure 18. Varieties ranking according to their susceptibility to FHB using Area Under Disease
Progress Curve (AUDPC) (a, ¢) and Non-metric multidimensional scaling (NMDS) (b, d).

Comparison between Fusarium spp. and Cercospora beticola shows that mycotoxins play a
fundamental role in the pathogenicity resulting in the collapse of the tissue structure. C.
beticola secretes cercosporin after penetrating the leaf through stomata (Daub and Ehrenshaft
2000). The main mycotoxins produced by Fusarium species is DON. A high correlation was
observed between DON concentration produced by isolates of Fusarium species and isolate

virulence, where Fusarium species use DON as protein synthesis inhibitor to overcome the
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plant resistance (Beukes et al. 2018; Chetouhi et al. 2015; Kuhnem et al. 2015; Rotter et al.
1996).

In the NIR, Mahlein et al. (2010) proved a decrease in reflectance in the first stages of
pathogenicity of Cercospora beticola on sugar beet leaves as a result of the collapse of the
tissue structure. In advanced stages, the reflectance increased again in this range. According to
Leucker et al. (2016), the spectral reflectance in NIR was higher in susceptible varieties than
resistant varieties and accompanied with higher sporulation density in susceptible varieties of
sugar beet. In the case of FHB infection, the NIR reflectance of spikelet invaded with red F.
culmorum mycelium was higher than areas showing only bleached symptoms (Bauriegel et al.
2011a). Histological study of Ha et al. (2016) showed that dense growth of F. graminearum
mycelium appeared more frequently and to a higher degree in the susceptible variety Milan
than in the resistant variety Sumai-3. In the present study, the reflectance of spikes infected
with both species was lower than the reflectance of non-infected spikes in the NIR. However,
the correlation between varieties resistance and spectral reflectance in NIR could not be
verified. The low correlation in NIR may be due to the three-dimensional structure of the wheat
spike. Further investigations on the spikelet scale are still needed to correlate the reflectance in

NIR with sporulation density, mycelium growth and variety resistance.

One of the main effects of FHB progress is early senescence (Trail 2009). The SWIR
component of the electromagnetic spectrum was highly correlated to the water content, and
might, therefore, serve as a proxy for early senescence and FHB progress. Following, a high
correlation of DS with the spectral range in the SWIR was indicated. The reflectance in SWIR
differed depending on the susceptibility of each variety. High susceptibility to FHB is related
to early senescence and fast-draining in spike water and as a result, higher reflectance in SWIR.
This is in accordance with the results presented by lori et al. (2015). They proved the increase
in reflectance in the SWIR over time in wheat varieties infected with Stagonospora nodorum.
Comparing two apple varieties with different susceptibility to apple scab (Venturia inaequalis)
showed higher reflectance in SWIR in susceptible variety than in resistant one, respectively
(Delalieux et al. 2009).

Several studies showed a significant effect of Fusarium infection on the kernel protein content
which is correlated to the kernel nitrogen concentration. The crude protein content increased
due to Fusarium infection whereas the total glutenin and high-molecular-weight glutenin

content decreased significantly in the wheat kernels resulted from Fusarium infected spikes
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(Kreuzberger et al. 2015; Siuda et al. 2010; Wang et al. 2005). In this study, and for the first
time, three indices derived from the SWIR range related to nitrogen (NDNI), cellulose (CAl)

and water stress (MSI) showed a high correlation with FHB severity.

However, effective approaches for analyzing the obtained hyperspectral data with its high
complexity are required. Machine learning approaches showed high capacities in hyperspectral
data analysis and the potential to accelerate screening processes in plant resistance breeding
(Behmann et al. 2015; Rumpf et al. 2010; Singh et al. 2016). In the present study, SVM
classification was applied in multiple settings regarding time classes and features. The decrease
in accuracy in later stages of FHB pathogenesis is due to the senescence in control spikes. The
classification accuracy was lower using the SVIs than using the whole spectral reflectance
which considered the water stresses detected in the SWIR caused by FHB. Interestingly, it was
possible to differentiate between the infections of two Fusarium species by multiclass
classification. This result could be due to the differences in the isolates’ virulence more than

differences in symptoms caused by both species.

The lack in FHB resistant varieties requires more efforts to investigate new resistance sources
through wild and domesticated wheat germplasm diversity (Steiner et al. 2017). Due to the
difficulties in Type I resistance assessment, most QTLs have been identified to be involved in
Type Il resistance (Buerstmayr et al. 2009; Steiner et al. 2017). Mesterhazy et al. (2007)
emphasized the necessity of including Type I resistance in breeding programs. The traditional
rating of plant disease severity depends on AUDPC which is used to combine multiple
observations of disease severity into a single value (Simko and Piepho 2012). It has been shown
that the AUDPC can be reproduced with high accuracy by the combination of multiple SVIs
transformed by NMDS. The differences in varieties ranking using the traditional AUDPC and
NMDS could be attributed to two factors that were taken into account in the NMDS approach.
The first, the data of control plants has been subtracted to omit the natural senescence. The
second, the data of the first and the last measuring dates has been neglected to exclude the

extreme values.

During the last decades, the FHB epidemics frequency increased in the main wheat production
regions in the world. This could be attributed to the changes in the agricultural practices like
reduced tillage, and the intensification of maize which is one of the main hosts of FHB in crop
rotation (McMullen et al. 2012). Many studies monitored the geographic specificity in F.

graminearum and F. culmorum chemotypes in wheat-producing countries (Alkadri et al. 2014;
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van der Lee et al. 2015; Talas et al. 2011; Ward et al. 2008). They identified the changes in
Fusarium dominant chemotypes during a short time. This emphasizes the need for continuous
development of varieties with resistance to a wide range not only of Fusarium species but also
of Fusarium chemotypes. Here, hyperspectral imaging and sophisticated machine learning
approaches, as investigated in this study can improve the FHB resistance breeding process by
an accelerated wheat resistance identification and characterization. New handheld
hyperspectral cameras increase the flexibility and usability also by non-experts in the field
(Behmann et al. 2018). These approaches assist e.g. the breeder for an improved determination

of relevant wheat varieties.

4.2.5. Conclusions

Hyperspectral imaging is state-of-the-art technology and method for plant sciences and may be
applied in plant resistance breeding. In addition to the assessment of the dynamics of FHB
symptoms, it was feasible to differentiate not only between Fusarium infected spikes and
healthy ones but also between spikes infected with different Fusarium species by an SVM
classification. As an important outcome, an automated method to reproduce AUDPC
depending on seven SVIs derived from the electromagnetic spectrum in VIS, NIR and SWIR
was established. This will improve the automation in disease rating and will provide more

objective information for the decision-making process in resistance breeding.
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Abstract

Fusarium head blight (FHB) epidemics in wheat and contamination with Fusarium mycotoxins
has become an increasing problem over the last decades. This prompted the need for non-
invasive and non-destructive technigques to screen cereal grains for Fusarium infection, which
is usually accompanied by mycotoxin contamination. This study tested the potential of
hyperspectral imaging to monitor the infection of wheat kernels and flour with three Fusarium
species. Kernels of two wheat varieties inoculated at anthesis with F. graminearum, F.
culmorum, and F. poae were investigated. Hyperspectral images of kernels and flour were
taken in the visible-near infrared (VIS-NIR) (400-1000 nm) and short-wave infrared (SWIR)
(1000-2500 nm) ranges. The fungal DNA and mycotoxin contents were quantified. Spectral
reflectance of Fusarium-damaged kernels (FDK) was significantly higher than non-inoculated
ones. In contrast, spectral reflectance of flour from non-inoculated kernels was higher than that
of FDK in the VIS and lower in the NIR and SWIR ranges. Spectral reflectance of kernels was
positively correlated with fungal DNA and deoxynivalenol (DON) contents. In the case of the
flour, this correlation exceeded r = -0.80 in the VIS range. Remarkable peaks of correlation
appeared at 1193, 1231, 1446 to 1465, and 1742 to 2500 nm in the SWIR range.
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4.3.1. Introduction

Changes in agricultural practices in particular intensification of maize production and the wide
use of reduced tillage have resulted in an increased frequency of Fusarium head blight (FHB)
epidemics worldwide (McMullen et al. 2012). Recent studies have demonstrated that the main
causal agents, Fusarium graminearum and F. culmorum chemotypes, tend to show geographic
specificity in the main wheat production areas (Alkadri et al. 2014; van der Lee et al. 2015;
Pasquali et al. 2016; Talas et al. 2011). In Europe, the predominant F. graminearum chemotype
is 15-acetyl-deoxynivalenol (15-ADON) whereas the predominant F. culmorum chemotype is
3-acetyl-deoxynivalenol (3-ADON) (Pasquali et al. 2016). However, drastic changes in
Fusarium chemotypes were observed in some cereal-producing countries worldwide. For
example, in Argentina, an increase in 3-ADON chemotypes was observed for four years (2001-
2004). However, in Uruguay, this increase was shown in 15-ADON (Alvarez et al. 2009;
Umpiérrez-Failache et al. 2013). Ward et al. (2008) reported a shift from the 15-ADON
chemotype to the 3-ADON chemotype in Canada between 1998 and 2004. In North America,
new strains of F. graminearum were isolated and these isolates showed type A trichothecene
production, which is new for F. graminearum (Kelly et al. 2015; Varga et al. 2015). These
results show the high ability of Fusarium species to adapt to variety resistance. Therefore, new
varieties will be needed in the future with resistance to a wide range of Fusarium species and
chemotypes. The first step to achieve these varieties is to screen a large number of wheat entries
against FHB. For a better understanding of the host-pathogen interaction within the screening
process, it should include not only disease symptoms but also the levels of fungal DNA and

mycotoxins in the kernels.

The standard method for quantifying fungal DNA in infected kernels is by quantitative real-
time polymerase chain reaction (QPCR) (Schaad and Frederick 2002), whereas the methods
used to detect mycotoxin contents include immunochemical methods and analytical chemistry
techniques (Krska et al. 2008; Meneely et al. 2011). However, these methods are laborious,
time-consuming, and destructive. Therefore, there is a need for a fast, inexpensive, and reliable
non-destructive method to pre-screen wheat kernels for FHB infection and mycotoxin

contamination.

Recently, hyperspectral imaging has been introduced to identify and classify damage caused
by different diseases and pests on cereal kernels. Del Fiore et al. (2010) used hyperspectral

imaging in the visible near-infrared (VI1S-NIR) (400-1000 nm) range for early identification of
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toxigenic fungi, i.e., Aspergillus spp. and Fusarium spp., on commercial maize kernels. In
another study, hyperspectral images in the VIS-NIR range were taken for maize kernels
artificially contaminated with aflatoxin B1 (AFB1) (Wang et al. 2015). Principal component
analysis (PCA) was then combined with stepwise factorial discriminant analysis (FDA) to
discriminate control samples from samples artificially contaminated with different
concentrations of AFB1. The authors were able to identify kernels contaminated with
concentrations as low as 10 pg/kg of AFB1 (Wang et al. 2015). Similar results were achieved
by Kimuli et al. (2017), who used hyperspectral imaging in the short-wave infrared range
(SWIR) (1000-2500 nm) to classify AFB1 contamination in maize kernels by combining PCA
with the Mahalanobis distance classifier. Additionally, AFB1 contents have been identified and
classified in Aspergillus flavus-infected maize kernels by applying the support vector machine
(SVM) classification approach on the PCA of the mean spectra of a single kernel in the SWIR
(Chu et al. 2017).

Singh et al. (2008, 2009) used hyperspectral imaging in the NIR from 1000 to 1600 nm for the
detection of insect-damaged kernels of wheat during storage. They classified healthy and
insect-damaged kernels with an accuracy of 85% to 100% using different classification

methods.

Peiris et al. (2009) applied NIR spectroscopy from 1000 to 2500 nm to differentiate between
sound and Fusarium-damaged kernels (FDK) contaminated with different deoxynivalenol
(DON) levels. They compared the spectral reflectance of the wheat kernels with that of the
serial dilutions of pure DON in acetonitrile. Subsequently, commercial application of NIR
spectroscopy was investigated to predict DON levels in a single wheat kernel and to sort sound
kernels from FDK (Kautzman et al. 2015; Peiris et al. 2010). On the bulk scale, it was possible
to differentiate between sample lots with different percentages of FDK using a combination of
the spectral reflectance from 350 to 2500 nm and partial least square regression with an
accuracy of 100% (Beyer et al. 2010). Using the mean spectral reflectance of a single wheat
kernel in VIS-NIR from 400 to 1000 and 1000 to 1700 nm and linear discriminant analysis
(LDA), it was possible to discriminate FDK from sound ones with an accuracy of 95%
(Delwiche and Hareland 2004; Delwiche et al. 2011). Dowell et al. (1999) used VIS-NIR from
400 to 1700 nm spectroscopy in combination with a partial least squares (PLS) regression
model to predict DON and ergosterol in single wheat kernels. The same model was used in the
VIS-NIR range to detect FDK in Canadian wheat, with an overall accuracy of 90% (Shahin
and Symons 2012). In the VIS range, RGB images or green and red light produced from the
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high-power pulsed light-emitting diode (LED) were used in combination with LDA to classify
FDK with an accuracy of > 85% (Delwiche 2009; Jirsa and Polisenska 2011). Barbedo et al.
(2015) developed an algorithm for automatic detection of FDK in wheat kernels based on

hyperspectral imaging in the spectral range 528-1785 nm.

All the above studies were performed to identify Fusarium infection in wheat kernels using
one species of Fusarium taking the DON content into account. To expand that knowledge base,
the present study was designed to investigate the feasibility of hyperspectral imaging to screen
the infection of different Fusarium species with regard to fungal DNA and different mycotoxin

levels in wheat kernels and produced flour.

4.3.2. Materials and Methods

4.3.2.1. Plant Material

Two varieties of spring wheat (Triticum aestivum L.) differing in their susceptibility to FHB
were grown under greenhouse conditions: ‘Triso’ moderately resistant from DSV, Lippstadt,
Germany, and ‘Sonett’ moderately susceptible from Syngenta, Basel, Switzerland
(Anonymous 2017). The growth substrate was a mixture of 1 sand:3 horizon C:6 potting
substrate ED 73 (Einheitserde, Sinntal-Altengronau, Sinntal, Germany). Three kernels per pot
were planted in 12x12x20 cm-sized pots. After germination, the plants were thinned to two
plants per pot and the plants were supported by wooden sticks. Environmental conditions in
the greenhouse were: Photoperiod of 16/8 h (day/night) obtained from supplemental artificial
light (>300 umol m? s, Philips SGR 140, Hamburg, Germany); a temperature of 20 + 2°C;

and 50-70% relative humidity. The plants were watered when necessary.

4.3.2.2. Plant Pathogens and Inoculation Techniques

Isolates of three Fusarium species stored at -80°C were used in this study: Fusarium
graminearum, isolate S.19 produced 69% 15-ADON and 31% DON, and F. culmorum, isolate
3.37 produced 68% 3-ADON and 32% DON on rice culture. They were originally isolated
from infected wheat kernels in an experimental field (Campus Klein-Altendorf, Rheinbach,
Germany) in 2011 and 2004, respectively. F. poae, isolate EC15 was taken from the INRES
(Plant Diseases and Plant Protection, University of Bonn, Germany) mycological collection.
Pathogen cultivation and inoculum preparation were performed according to (Alisaac et al.
2018). The spore suspension was diluted to 1 x 10° spore/mL using a Fuchs-Rosenthal
chamber. Spore densities of 1 x 104, 1 x 10° 2.5 x 10° 5 x 10°, and 1 x 10°® spore/mL were

derived from the stock spore suspension and used in inoculation. Each treatment consisted of
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one pot with two plants of each variety with more than 10 spikes per pot at the anthesis growth
stage, GS 61-65 (Lancashire et al. 1991). Pots were randomly distributed on the table in the
middle of the greenhouse in order to guarantee the homogeneity of the surrounding
environment. Spray inoculation was done as described in (Alisaac et al. 2018). Control plants
were mock-inoculated with water. At harvest, spikes were collected and threshed manually,
and the resulting kernels prepared for hyperspectral measurement (Figure 19). After acquiring
the hyperspectral images of the kernels, they were ground using a lab grinder (Retsch MM 200,
Haan, Germany). The produced flour was measured using the same hyperspectral imaging

setup with the same settings.

4.3.2.3. Hyperspectral Measurements

Hyperspectral measurements were done in a darkened room. The objects were illuminated
using an artificial light produced from six ASD-Pro-Lamps (Analytical Spectral Devices Inc.,
Boulder, CO, USA) with a 45° vertical angle to the objects. The images were acquired in the
visible-near infrared (VIS-NIR) range from 400 to 1000 nm using the hyperspectral camera
ImSpector V10E (Spectral Imaging Ltd., Oulu, Finland). In total, 211 hyperspectral bands were
recorded using a spectral binning of 4. In the short-wave infrared (SWIR) from 1000 to 2500
nm, a SWIR-Camera (ImSpector N25E, Spectral Imaging Ltd., Oulu, Finland) was used. In
total, 256 hyperspectral bands were recorded using a spectral binning of 1. A motorized line
scanner (Velmex BiSlide, Velmex Inc., Bloomfield, Ontario County, New York, USA) was
used to move the cameras and the illumination system over the object. The software
SpectralCube (Spectral Imaging Ltd., Oulu, Finland) was applied to adjust the settings of the
camera and the motorized line scanner. To attain stable measuring conditions, the cameras and
the illumination system were preheated for 30 min before the measurements. For more details
about the imaging system and data processing, see Alisaac et al. (2018). To acquire the
hyperspectral images, a black Petri dish (Brightic, Nagymaros, Hungary) was used as a
background for the kernel and flour measurements. This Petri dish has low reflectance of < 5%
in the spectral range of 400 to 2500 nm. For flour measurement, black rings of a 1 mm height
were filled with the flour in order to obtain a homogeneous topography for the flour surface.
Four images were made to calculate the reflectance of the object sample: (i) A white reference
image using a white barium-sulfate bar (Spectral Imaging Ltd., Oulu, Finland), which reflects
~99% of the light; (ii) a dark current image by closing the shutter of the camera at the same
exposure time of the white reference; (iii) the image of the object sample; and (iv) a second

dark current image at the same exposure time of the object sample. The open-source software
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HSVaP (“Hyperspectral Visualization and Processing’) was used for masking and visualizing
the image data (available at https://github.com/janBehmann/HSVAP). The mean spectral
reflectance was calculated using MATLAB 2013a (MathWorks, Natick, MA, USA).

4.3.2.4. DNA Extraction and Fungal DNA Quantification

Total DNA was extracted from 20 mg of flour according to a cetyltrimethylammonium bromide
method and precipitated with polyethylene glycol (Schilling et al. 1996). The pellets were
washed twice with 80% (v/v) ethanol, dried in vacuum at 30°C, dissolved in 50 uL TE-buffer
(10 mM Tris, 1 mM EDTA, pH 8.0), and diluted 100-fold in water for qPCR. Three-fold
dilution series of pure fungal DNA from 0.3 to 100 pg per reaction were used as standards. A
real-time PCR thermocycler CFX 384 (Biorad, Rudigheim, Germany) was used for fungal
DNA quantification using the primers listed in Table 9. The components of the reaction mixture
were: Taqg Polymerase with ThermoPol Buffer (20 mM Tris-HCI, 10 mM (NH4)2SOs, 10 mM
KCI, 2 mM MgSOs, 0.1% Triton-X-100, pH 8.8 at 25°C); 0.15 mM of each dNTP; 2.5 mM
MgCl> (Bioline, Liickenwalde, Germany); 0.3 pum of each primer; and SYBR Green |
(Invitrogen, Karlsruhe, Germany). The PCR started with an initial denaturation at 95.0°C for 2
min, followed by 35 cycles according to Table 9. The final elongation was done at 68.0°C for
5 min. Melting curves were generated after amplification by heating PCR products to 95.0°C
for 1 min, cooling to 55.0°C for 1 min, then tardily raising the temperature 0.5°C/10 s according
to Table 9. The fluorescence was measured continuously. Because of the degradation of wheat
DNA in infected kernels, the amount of fungal DNA per gram of dry flour rather than the ratio

of fungal to wheat DNA was used as a measure of fungal colonization.

4.3.2.5. Mycotoxin Extraction and Quantification

Mycotoxins were extracted from 350 mg of flour per treatment in 3.5 mL of acetonitrile-water
(84:16, v/v). The mixture was vortexed, shaken overnight, and centrifuged at 4500 min™. One
mL of the supernatant was transferred to a 2-mL Eppendorf tube and dried at 40°C. The dry
residue was re-suspended in 1 mL of methanol-1% formic acid in water (25:75, v/v), and
sonicated in an ultrasonic bath until completely dissolved. Blank (control) samples of wheat
flour were prepared in the same way. The following mycotoxin standards were used (Table
10): Nivalenol (NIV), deoxynivalenol (DON), 3-acetyl-deoxynivalenol (3-ADON) and 15-
acetyl-deoxynivalenol (15-ADON), HT-2 toxin, T-2 toxin, zearalenone (ZEA), enniatin Al,

and enniatin B1.
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An Agilent (Waldbronn, Germany) 1290 Infinity 11 HPLC system linked to an Agilent 6460
Triple Quad was employed for toxin quantification. The separation was carried out on an
Agilent Zorbax Eclipse C18 column with 1.8-um particle size and 100 x 2.1 mm. Details
concerning the mass transition, recoveries, and the limits of detection and quantification can
be found in Table 10.

4.3.2.6. Statistical Analysis

All Pearson’s correlation coefficients and statistical analysis were done using the open-source
software RStudio. For significant statistical differences in the fungal DNA and mycotoxins
contents, standard analysis of variance (ANOVA) was applied to the data. This analysis was
followed by Tukey’s honest significance test with a significance level of p < 0.05, n =3

(“agricolae" package in RStudio).

4.3.3. Results

4.3.3.1. Effect of Fusarium Infection on the Spectral Signature of the Kernels

Fusarium-infected kernels of both varieties showed severe symptoms for all investigated
Fusarium species and all spore densities (Figure 19). Non-inoculated kernels of both varieties
had the same spectral signature patterns in the VIS-NIR and SWIR ranges (Figure 20). In
contrast, Fusarium-infected kernels showed higher spectral reflectance along the whole

spectrum compared with non-inoculated kernels.

The spectral signature of Fusarium-infected kernels differed according to the wheat variety,
Fusarium species, and spore density of the inoculum (Figure 20). F. culmorum-infected kernels
of ‘Sonnet’ from all spore densities showed identical spectral reflectance from 400 to 630 nm.
Small differences among treatments appeared in the spectral range from 630 to 700 nm and
from 750 to 1000 nm. In the SWIR range, these differences were pronounced from 1460 to
1850 nm (Figure 20). More obvious differences among treatments were shown in the case of
“Triso’. The highest reflectance of kernel samples resulted from the treatment of 1 x 10*
spore/mL, whereas the lowest reflectance was for the kernels from the treatment of 5 x 10°

spore/mL (Figure 20).

F. graminearum infection affected the same wavelengths that were affected by F. culmorum
infection in the VIS-NIR range (i.e., from 400 to 630 nm and from 750 to 1000 nm), whereas
the entire SWIR range was influenced by F. graminearum infection. The treatment of 1 x 10°
spore/mL resulted in the lowest reflectance of infected kernels in both varieties. The highest

reflectance appeared in the treatment of 5 x 10° spore/mL in ‘Sonett’ and 2.5 x 10° in ‘Triso’.
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F. poae infection influenced only the NIR and the SWIR ranges. The highest reflectance was
found for the treatment of 2.5 x 10° spore/mL in both varieties, and the lowest levels were with

the treatment of 5 x 10° in ‘Sonett’ and 1 x 108 in “Triso’ (Figure 20).

E culmorum F graminearum

Figure 19. Summer wheat kernels cv. ‘Sonett’ inoculated with different spore densities (A—C):
1 x 10% spore/mL; (D-F): 2.5 x 10° spore/mL; (G-I): 1 x 10° spore/mL; (J): water treatment of
three Fusarium species (A, D, and G: F. culmorum; B, E, and H: F. graminearum; C, F, and
I: F. poae; J: Control).

4.3.3.2. Comparison between the Spectral Signatures of the Kernels and the Produced
Flour

The spectral signature patterns of flour differed from those of kernels (Figures 20 and 21). The
spectral reflectance of non-inoculated kernels was lower than that of infected kernels along the
assessed waveband range. However, in the case of flour, the spectral reflectance of non-
inoculated flour was significantly higher than that of infected flour in the VIS range (Figure
21). Obvious differences appeared from 630 to 670 nm in the spectral signatures of the flour
produced from F. culmorum- and F. graminearum-infected kernels (Figure 21). Flour produced
from F. poae-infected kernels showed no distinct differences in the spectral signatures in the

VIS range. The treatment with the 2.5 x 10° spore/mL concentration, which resulted in the
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highest spectral reflectance of the infected kernels, caused the lowest spectral reflectance of
the flour in both varieties (Figure 21). The spectral reflectance of the flour produced from non-
inoculated kernels had the lowest values in the spectral range from 870 to 1000 nm in all
treatments. In the SWIR range, the infection altered the wavelengths from 1100 to 1300 and
1950 to 2500 nm. In general, flour produced from non-inoculated kernels had lower reflectance

than infected ones in the SWIR range (Figure 21).
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Figure 21. Spectral signature of the flour samples produced from wheat kernels cv. ‘Sonett’
and ‘Triso’ inoculated with different spore densities of three Fusarium species (F. culmorum,
F. graminearum, and F. poae).
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Table 9. Forward and reverse primers sequences; denaturation, annealing, elongation, and melting curve temperatures of the primer used to amplify

specific fragments of the fungal DNA of Fusarium culmorum, F. graminearum, and F. poae on wheat kernels and in flour.

Pathogen Denaturation Annealing Elongation Melt Curve Primers
°C min °C min °C min °C °C Primer Primer sequence (5°-3”) Amplified Reference
name fragment

. . . OPT18 F GATGCCAGACCAAGACGAAG Schilling

F. culmorum 940 020 620 0:40 680 045 65.0 950 OPT18 R GATGCCAGACGCACTAAGAT 472 bp et al. 1996

. . . . Fgl6N F ACAGATGACAAGATTCAGGCACA Nicholson

F. graminearum 94.0  0:30 61.0 0:30 68.0 0:30 55.0 95.0 Fg16N R TTCTTTGACATCTGTTCAACCCA 280 bp et al. 1998
. . . Fp82 F CAAGCAAACAGGCTCTTCACC Parry and

F. poae 940 035 625 0:30 680  0:35 850 9.0 e p TGTTCCACCTCAGTGACAGGTT 22060 \icholson 1996
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Table 10. Mass transitions, recoveries, and the limits of detection and quantification of mycotoxins in flour samples produced from wheat kernels
cv. ‘Sonett” and ‘Triso’ inoculated with different spore densities of three Fusarium species (F. culmorum, F. graminearum, and F. poae).

LOD* LOQ™* Recovery ***

Toxin Obtained From Molecular lon Parent lon Collision Energy [V] Product lons [mg/kg] [mg/kg] %
NIV (Darmst';’éi“é‘ermany) [M-H] 357.1 " o i ae 0007 0025 89
PON (Darmst';/tlji,r%(ermany) [M+HT" 297.1 é4 243i.12** 0.006 0.018 113
3-ADON (Darmst';’éi’“é‘ermany) [M+H]* 339.2 : 2T o0z oor 110
15-ADON (Darmst';’(';t”“é‘ermany) [M+H]* 339.2 o 2000 000 0230 111
HT-2 (f_rz)zr‘r’at;]feggr';gff;) [M+Na]* 447.0 o 3‘;58515 * 0029 0097 %6
T2 E_T)Zr‘r’a'&']feéecr';g%e;) [M+Na]* 489.2 o eoh. 0029 0092 119
ZEA (TFfJ?ITfrAtggfa) [M+H]* 319.2 - oth. 0008 0322 76
Enniatin Al (Darmst'a\l";t’,rcc';‘ermany) [M+H]* 668.4 " . 0029 0095 68
Enniatin B1 (Darmstg’éir‘é‘ermany) [M+H]* 654.4 > 8, 0046 0151 80

* Limit of detection (LOD) and limit of quantification (LOQ) were estimated according to a procedure suggested by an EU guidance document
by spiking 10 blank samples to 1.9 pg/L of each toxin. ** Product ion used as a quantifier. *** Spike level of 300 pg/L at the beginning of the
extraction procedure.
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4.3.3.3. Fungal DNA and Mycotoxin Content in Wheat Flour
Flour produced from non-inoculated kernels of both varieties showed neither fungal DNA nor

mycotoxins for any of investigated Fusarium species.

F. culmorum produced a large amount of fungal DNA in both varieties amounting to 60 to 82
and 37 to 73 ug/g in ‘Sonett’ and ‘Triso’, respectively. Additionally, both varieties showed
high DON content: 108 to 157 mg/kg in ‘Sonett’ and 44 to 81 mg/kg in ‘Triso’. Fungal DNA
and DON contents were not significantly different among treatments within the same variety.
In addition, small amounts of 3-ADON (up to 10 and 2.7 mg/kg in ‘Sonett’ and ‘Triso’,
respectively) were observed. Only in ‘Sonett” were low levels of 15-ADON (0.5 mg/kg) and
nivalenol (NIV) (up to 1.3 mg/kg) detected. The variety ‘Sonett’ showed higher levels of fungal
DNA and mycotoxins than “Triso’ (Figure 22).

Comparing with F. culmorum, F. graminearum resulted in lower fungal DNA and 3-ADON
and higher DON, 15-ADON and NIV content in all treatments. In contrast with F. culmorum,
‘Sonett’ showed lower fungal DNA amounts 20 to 48 pg/g comparing with ‘Triso’ 29 to 54
Hg/g. DON contents ranged between 146 to 296 mg/kg in ‘Sonett’ and 176-304 mg/kg in
“Triso’. Maximum amounts of 2.4, 4.5 and 2.3 mg/kg have been observed for 3-ADON, 15-

ADON and NIV, respectively, with no significant differences between treatments (Figure 22).

In contrast to F. culmorum and F. graminearum infections, F. poae induced very low amounts
of fungal DNA that ranged between 0.1 and 0.5 pg/g, without significant differences among
treatments. Maximum concentrations of 27, 2.3, and 2.1 mg/kg for DON, 3-ADON, and NIV,
respectively, were observed in ‘Sonett’. In contrast, in “Triso’, 2.8 and 0.1 mg/kg for DON and
3-ADON, respectively, were recorded. No 15-ADON contamination was observed in the two

varieties (Figure 22).

4.3.3.4. Correlation between Fungal DNA and Mycotoxin Content

The data of all samples of both varieties inoculated with different spore densities was used to
calculate the correlation between fungal DNA and mycotoxin content for each Fusarium
species. Table 11 shows the correlation between fungal DNA and mycotoxins content and the
correlation between different mycotoxins for each Fusarium species, separately. In the case of
F. poae infection, the correlations between fungal DNA and mycotoxin contents, and
individual mycotoxin content with the other mycotoxins were not significant since most of the

samples showed no mycotoxin content (Table 11).
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Figure 22. Fungal DNA and mycotoxin contents in the flour samples produced from wheat
kernels cv. ‘Sonett’ and ‘Triso’ inoculated with different spore densities of three Fusarium
species (F. culmorum, F. graminearum, and F. poae; Tukey’s test; n = 3). On the species scale,
treatments with the same letters are not significantly different.
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Table 11. Pearson’s correlation coefficient between fungal DNA and concentrations of
different mycotoxins in the flour samples produced from wheat kernels cv. ‘Sonett’ and ‘Triso’
inoculated with different spore densities of three Fusarium species (F. culmorum, F.
graminearum, and F. poae).

Fungal DNA-Mycotoxin F. culmorum F. graminearum F. poae

Fungal DNA-DON 0.90 0.80 n.s.
Fungal DNA-3-DON 0.70 n.s. n.s.
Fungal DNA-15-DON n.s.* 0.51 n.s.

DON-3-ADON 0.85 n.s n.s.
DON-15-ADON n.s. 0.79 n.s.

The correlation was calculated from the data of all samples inoculated with different spore
densities of each Fusarium species (n = 30). *n.s. the correlation was not significant at p <
0.05.

4.3.3.5. Correlation of Spectral Signature of Wheat Kernels to Fungal DNA and
Mycotoxin Content

The spectral reflectance of F. culmorum-infected kernels showed a high correlation of r > 0.80
with the fungal DNA content in the spectral range 450-652 and 700-750 nm and along the
SWIR range (Figure 23). This correlation reached r = 0.90 in the spectral range 750-1000 nm.
The correlation of the spectral reflectance with DON content showed high values of r > 0.80
in the spectral range 441-1000 nm. This correlation was r > 0.90 in the spectral ranges from
505 to 655 and 695 to 843 nm. In the SWIR range, the correlation of r > 0.80 was shown in the
spectral ranges from 1200 to 1212 and 1345 to 2500 nm, with a peak of r > 0.90 in the spectral
range 1906-2018 nm. A lower correlation of r > 0.60 occurred for the 3-ADON content in the
spectral ranges from 460 to 1000 and 1377 to 2500 nm, with a remarkable peak of r > 0.80 in

the spectral range from 640 to 712 nm.

The correlation of the spectral reflectance of F. graminearum-infected kernels with the fungal
DNA content was r > 0.80 in the spectral ranges 524-1000 and 1130-2500 nm (Figure 23).
Similarly, the correlation with DON content resulted in the same values in the spectral ranges
558-814 and 1377-2031 nm. The correlation of the spectral reflectance with the DON
derivative contents was lower compared with the DON content. This correlation ranged
between r = 0.60-0.70 in the spectral ranges 474-1000 and 1358-2500 nm for the 3-ADON
content, and between r = 0.62 and 0.76 along the electromagnetic spectrum for 15-ADON. No

correlation between the spectral reflectance and NIV was observed.

The spectral reflectance of F. poae-infected kernels showed a lower correlation with the fungal
DNA content compared with F. culmorum and F graminearum (Figure 23). A correlation of r
> 0.60 in the spectral ranges 538-572 and 828-1000 nm was proven. In the SWIR range, the

correlation ranged between r = 0.60 and 0.73 in the spectral range 1350-2500 nm.
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4.3.3.6. Correlation of Spectral Signature of Wheat Flour to Fungal DNA and Mycotoxin
Content

The spectral reflectance of the produced flour resulted in negative correlations with the fungal
DNA and mycotoxin contents in the VIS range. In addition, a positive correlation in the SWIR

range and no significant correlation in the NIR range were confirmed (Figure 23).

The spectral reflectance of flour produced from F. culmorum-infected kernels exhibited a high
negative correlation of r > 0.80 with the fungal DNA content in the spectral ranges 427-494
and 601-692 nm. In the SWIR range, two remarkable peaks of r > 0.45 appeared in the spectral
ranges 1193-1231 and 1446-1465 nm. The correlation increased to r > 0.51 in the spectral range
1742-2500 nm and reached r = 0.61 in 2050 to 2075 nm (Figure 23). The correlation with DON
content was higher than the correlation with the fungal DNA in the VIS range, and lower in the
SWIR range. The correlation reached r > 0.85 in the spectral ranges 427-494 and 655-675 nm;
however, the highest value of r = 0.52 appeared in the range 2050-2075 nm. The correlation
with 3-ADON content showed decreasing values with an increasing wavelength in the VIS
range and ranged between 0.70 and 0.50, with no remarkable correlation in the SWIR range
(Figure 23).

The spectral reflectance of flour produced from F. graminearum-infected kernels had a higher
correlation with fungal DNA than that of F. culmorum. The highest negative correlation of r >
0.85 appeared in the spectral ranges 397-494 and 652-670 nm. Likewise, for F. culmorum, the
same peaks appeared in the spectral ranges 1193-1231 and 1446-1465 nm, with a higher
correlation of r >0.81 and r > 0.76, respectively, and increased to r > 0.86 in the spectral range
1742-2500 nm (Figure 23). The correlation with DON content showed values of r > 0.80 and
r > 0.79 in the spectral ranges 397-494 and 655-675 nm, respectively. In the SWIR range, the
correlation reached r > 0.64, r > 0.50, and r = 0.65 in the spectral ranges 1193-1231, 1446-
1465, and 1742-2500 nm, respectively. In the VIS range, the correlation with 3-ADON showed
a decreasing value with an increasing wavelength, with a peak of 0.76 in the spectral range
422-435 nm. While, it showed the reverse with 15-ADON, with a peak of r = 0.69 in the
spectral range 635-700 nm. The correlation with 3-ADON reached r > 0.46 and r > 0.60 in the
spectral ranges 1193-1231 and 1800-2500 nm, respectively. In contrast, no correlation was
observed with 15-ADON in the SWIR range. The NIV content showed no significant
correlation with the spectral reflectance of the produced flour, and the highest negative

correlation of r = 0.53 was achieved in the spectral range 475-497 nm (Figure 23).
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The spectral reflectance of flour produced from F. poae-infected kernels had the highest
correlations with fungal DNA of r = 0.53 and r = 0.56 in the spectral ranges 664-672 and 1912-
1950 nm, respectively (Figure 23).
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Figure 23. Pearson’s correlation coefficient between the spectral signature of wheat kernels cv.
‘Sonett’ and “Triso’ (left) inoculated with different spore densities of three Fusarium species
and wheat flour produced from these kernels (right) in relation to fungal DNA and various
mycotoxin levels.
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4.3.4. Discussion

The symptoms of Fusarium infection on infected kernels result in a reduction of the thousand
kernel weight, shriveling, pinkish discoloration, and chalky appearance (McMullen et al. 1997,
2012). Several studies showed the applicability of hyperspectral imaging for the detection of
Fusarium-damaged kernels or spikelets (Alisaac et al. 2018; Beyer et al. 2010; Delwiche and
Hareland 2004; Delwiche et al. 2011; Kautzman et al. 2015; Mahlein et al. 2019; Peiris et al.
2009, 2010). The reflected light in the VIS range shows the tissue pigments; the NIR range
represents the tissue structure, while the SWIR range characterizes the chemical compounds
(Mahlein et al. 2018). In the current study, the reflectance of infected kernels was higher than
that of non-infected ones in the VIS-NIR range. This is attributed to the discoloration of
infected kernels compared with healthy ones, and to the changes in the kernel structure due to
infection. This is in accordance with previous studies that proved a lower reflectance of healthy
wheat kernels compared with Fusarium-damaged kernels in the VIS-NIR range (Beyer et al.
2010; Delwiche et al. 2011; Shahin and Symons 2012). Former studies demonstrated an
increase in the protein, starch, starch lipids, and non-starch lipids in Fusarium-infected kernels
(Hettiarachchy and Boyacioglu 1995; Kreuzberger et al. 2015; Siuda et al. 2010). The
reflectance of infected kernels was higher than of healthy ones in the SWIR range, which is
consistent with the results of (Beyer et al. 2010; Delwiche and Hareland 2004; Delwiche et al.
2011). This is due to the changes in the chemical contents of the infected kernels due to

Fusarium infection.

The quality of wheat flour depends strongly on gluten proteins (Wieser 2000). Fusarium
infection leads to substantial changes in the storage contents of wheat kernels (Wang et al.
2005), and consequently, flour appearance. Histological investigation proved high degradation
in the starch granules and the protein matrix of the endosperm of Fusarium-infected kernels
(Nightingale et al. 1999). Gartner et al. (2008) showed a positive correlation (r = 0.93) between
the disease severity and ash content (minerals like potassium and calcium salts) of F.
culmorum-infected kernels. This explains the lower reflectance of flour from infected kernels

compared with that from non-infected kernels in the current study.

The study of Hellin et al. (2018) showed a high correlation between the spore density in the air
above the canopy and DON concentration and disease incidence of F. graminearum under field
conditions. In the current study, no significant differences were found between inoculum

density and fungal DNA and mycotoxin concentrations in the infected kernels with all
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Fusarium species. This is due to the differences in the experimental conditions of these studies.
While the study of Hellin et al. (2018) was implemented under natural conditions in the field
and without incubation, the current study was implemented under greenhouse conditions with
incubation for 48 h after inoculation. Under these optimal conditions for the pathogens, the
lowest number of spores was enough to induce infection with maximum disease severity, which

could not be further increased using higher spore densities.

In this study, F. culmorum isolate produced DON and 3-ADON as secondary metabolites,
while F. graminearum produced DON, 3-ADON, and 15-ADON. This is in accordance with
the results that showed the ability of F. graminearum to produce DON, 3-ADON, and 15-
ADON simultaneously (Castafiares et al. 2014). Small amounts of NIV were detected in some
samples. This is due to a side infection with NIV producer, since the isolates used in this study
are DON producers. The results of the current study showed high correlations of r = 0.90, r =
0.70, and r = 0.85 between fungal DNA-DON, fungal DNA-3-ADON, and DON-3-ADON,
respectively, for F. culmorum. In addition, correlations of r = 0.80, r = 0.51, and r = 0.79
between fungal DNA-DON, fungal DNA-15-ADON and DON-15-ADON, respectively, for F.
graminearum were observed. This indicates that the major source of DON, 3-ADON, and 15-
ADON in the samples resulted from the isolates used for inoculation, and not from a
spontaneous infection. Moreover, it shows that these isolates produce trichothecenes in the
same ratio in vitro and in vivo. In the case of F. poae, no significant correlation was seen
because it was less effective in inducing infection in both wheat varieties. This corresponds to
the results of previous studies that showed high correlations between the fungal DNA of F.
culmorum and F. graminearum and the amount of DON in infected kernels of wheat and barley.
In addition, a positive correlation between the fungal DNA of F. poae and NIV content was
documented. However, on the species scale, it was shown previously that F. poae was less
effective in term of fungal DNA and mycotoxin production (Beccari et al. 2019; Nielsen et al.
2014; Siou et al. 2014).

The results of the current study showed higher correlations in the NIR range compared with
the VIS range between the spectral reflectance of wheat kernels and the fungal DNA and DON
contents for all Fusarium species. This is in accordance with the results of Shahin and Symons
(2012) that proved no specific wavelengths correlated to Fusarium infection in wheat kernels
in the VIS-NIR ranges. The results of Delwiche et al. (2011) showed that the spectral ranges
502-678 nm, 1198-1496 nm, and 1420-1560 nm were affected by Fusarium infection. They

showed that the NIR range was superior to the VIS range to identify Fusarium-infected kernels.
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They attributed this to the transformation of the endosperm compound into fungal characteristic
compounds, i.e., chitin and ergosterol. Delwiche (2003) showed that the wavelengths 1182 and
1242 nm gave the best results to discriminate sound kernels from Fusarium-damaged kernels.
The study of Delwiche and Hareland (2004) showed that the spectral range 1130-1190 nm was
strongly affected by Fusarium infection, with a peak at 1158 nm. In addition, the spectral range
1300-1450 nm was affected with a remarkable peak at 1400 nm. In the current study, the same
peak of correlation between the spectral reflectance and the fungal DNA and DON contents
appeared in the spectral range 1200-1212 nm. However, a higher correlation has been proven

in the spectral range 1350-2500 nm for all Fusarium species.

In the current study, more pronounced peaks of correlations appeared between the spectral
reflectance of wheat flour and fungal DNA and DON contents compared with wheat kernels.
Dowell et al. (1999) showed that the wavelengths of 750 and 950 nm were characteristic bands
in the VIS-NIR range for predicting Fusarium-damaged kernels. They attributed this to the
effect of Fusarium infection on the starch and protein content of wheat kernels, which absorb
the radiation of these bands. In the current study, two pronounced peaks between the flour
spectral reflectance and fungal DNA and DON contents were shown in the spectral ranges 427-
494 and 655-670 nm. No correlation was found in the NIR range, which indicates the tissue

structure. This is attributed to the destruction of the kernel tissue structure during grinding.

In the SWIR, Peiris et al. (2009) showed that the absorption bands of different DON
concentrations dissolved in acetonitrile were in 1390 to 1440 and 1880 to 1950 nm. They
proved clear peaks at 1414 nm due to the -OH groups and 1906 nm due to the -C=0 and R-OH
groups of the DON molecule. Moreover, they proved that the bands 1195, 1208, 1365, 1445,
1700, 1905, and 2001 nm were characteristic bands for Fusarium-infected kernels. This is in
accordance with the results of the current study, which showed two remarkable peaks of
correlation between the spectral signature of the flour and fungal DNA and DON contents in
the spectral ranges 1193-1231 and 1446-1465 nm, in addition to a high correlation along the
spectral range 1742-2500 nm.
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4.3.5. Conclusions

This study showed that Fusarium infection influences the spectral signatures of wheat kernels
and flour produced from them. Correlations between the spectral data of infected kernels and
corresponding flour, fungal DNA, and individual mycotoxins were documented. This shows
the feasibility of hyperspectral imaging to screen wheat kernels and flour for Fusarium
infection. Previous results showed the suitability of hyperspectral imaging to phenotype
Fusarium head blight on wheat at the spike scale. Combined with the results of this study,
hyperspectral imaging provides the breeder with an integrated tool to phenotype Fusarium

infection on the spike scale and in harvested grain, accelerating the phenotyping process.
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Abstract

Most studies of Fusarium head blight (FHB) focused on wheat infection at anthesis. Less is
known about infections at later stages. In this study, the effect of infection timing on the
development of FHB and the distribution of fungal biomass and deoxynivalenol (DON) along
wheat spikes was investigated. Under greenhouse conditions, two wheat varieties were point
inoculated with Fusarium graminearum starting from anthesis until 25 days after anthesis. The
fungus and fungal DNA were isolated from the centers and the bases of all spikes but not from
the tips for all inoculation times and both varieties. In each variety, the amount of fungal DNA
and the content of DON and deoxynivalenol-3-glucoside (DON-3-G) were higher in the center
than in the base for all inoculation times. A positive correlation was found between the content
of fungal DNA and DON in the centers as well as the bases of both varieties. This study showed
that F. graminearum grows downward within infected wheat spikes and that the accumulation
of DON is largely confined to the colonized tissue. Moreover, F. graminearum was able to
infect wheat kernels and cause contamination with mycotoxins even when inoculated 25 days

after anthesis.
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4.4.1. Introduction

Fusarium head blight (FHB) is a major threat to the yield and quality of wheat worldwide. This
is because the kernels of infected plants are light in weight, deformed, and contaminated with
a range of mycotoxins (McMullen et al. 2012). The most susceptible stage of wheat plants for
infection with Fusarium graminearum is the anthesis stage GS65 (Siou et al. 2014). The
pathogen can easily penetrate wheat spikes through open florets and extruded anthers. In
addition, extruded anthers can trap Fusarium spores and stimulate fungal growth by providing
nutrients required for germination and penetration (Kubo et al. 2013; Skinnes et al. 2010;
Strange et al. 1974). Various studies have shown that anther extrusion contributed to wheat
susceptibility to FHB (Lu et al. 2013; Xu et al. 2020).

Francl et al. (1999) showed a continuous daily release of Fusarium spores from the anthesis
stage to kernels soft dough stage in wheat fields adjacent or distant to fields with wheat and
maize residues. In fields with residues, the spore deposition on wheat spikes was highly
correlated with rain periods. Wheat and maize residues thus represent a significant source of

inoculum from anthesis to the later growth stages.

It is generally assumed that wheat spikes are susceptible to F. graminearum infection only
during anthesis (Brown et al. 2010). Under greenhouse conditions, Beccari et al. (2019)
investigated the effect of timing of F. graminearum infection on disease symptoms, fungal
DNA, and secondary metabolites in wheat kernels. They concluded that the timing of infection
from O to 9 days after anthesis (daa) did not affect disease symptoms but the infection pressure
used in the experiment was too high to allow for this inference (disease severity was 100% in
all varieties). Similarly, Siou et al. (2014) found the largest amount of fungal DNA and the
highest toxin levels after inoculating F. graminearum at anthesis or 8 daa. Very low fungal
biomass and toxin levels were found in spikes inoculated 18 daa. Under field conditions,
Cowger and Arrellano (2010) reported comparable disease incidence and deoxynivalenol
(DON) levels in wheat kernels resulted from wheat spikes inoculated with F. graminearum at
anthesis and 10 daa in two experiments. In line with Siou et al. (2014), they found very little
kernel damage and DON accumulation when F. graminearum was inoculated 20 daa. In
contrast, Yoshida and Nakajima (2010) reported a high incidence of damaged kernels and high
toxin levels after infection of susceptible wheat varieties with F. graminearum 20 daa.
Importantly, late infections may lead to healthy-appearing kernels with high DON levels

(Cowger and Arrellano 2010).
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Weather conditions, particularly moisture, play an important role in FHB development and
DON accumulation in infected kernels. Several researches showed that moisture in late stages
after anthesis i.e. 10, 20, and 30 daa increased disease incidence, disease severity, and DON

content (Cowger et al. 2009; Cowger and Arellano 2013).

Wheat shows several types of resistance to FHB. Resistance to the initial invasion of the spike
and resistance to fungal spread from the infection site along the spike, they are called Type |
and Type Il resistance, respectively. DON is a major mycotoxin produced by F. graminearum
and it is a virulence factor in FHB (Foroud et al. 2019). Wheat resistance to DON accumulation
by preventing DON synthesis or by detoxification has been originally described as Type Il1
resistance (Mesterhazy et al. 1999) and later reclassified as Type V resistance (Foroud et al.
2019). Wheat detoxifies DON by glycosylation. DON-3-glucoside (DON-3-G) was reported
for the first time in wheat suspension cultures by (Miller and Arnison 1986) and later found in
naturally and artificially infected wheat kernels (Dall’Asta et al. 2005; Kluger et al. 2015;
Winter et al. 2013). Lemmens et al. (2005) reported glycosylation of DON by wheat spikes and
found that the genetic locus encoding this activity colocalized with a major quantitative trait
locus for FHB resistance in wheat. In a comparison of a set of wheat varieties, the authors also
showed that FHB resistance and the DON-3-G/DON ratio are closely related. In another study,
Lemmens et al. (2016) reported that all wheat varieties are able to detoxify DON by
glycosylation, which means that this trait has not been recently introduced by breeding for FHB
resistance. Moreover, they suggested that increasing FHB resistance in wheat may increase
DON-3-G/DON ratio in kernels.

In the studies of the effect of infection timing on FHB development reviewed above, the entire
spikes were spray-inoculated, preventing the investigation of the spread of the pathogen within
the spike. The aim of this research was to unravel the effect of the timing of F. graminearum
infection of the wheat spike on fungal colonization along the spike and on the spatial
distribution of DON and DON-3-G.

4.4.2. Materials and Methods

4.4.2.1. Plant Material and Experimental Conditions

In this experiment, two spring wheat varieties (Triticum aestivum L.) with different
susceptibility to FHB were: the moderately resistant variety ‘Triso’ (DSV, Lippstadt,
Germany) and the susceptible variety ‘Sonett’ (Syngenta, Basel, Switzerland) (Anonymous
2017). A mixture (1:3:6 v/v/v) of sand, horizon ¢ of natural soil (Anonymous 2014), and potting
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substrate ED 73 (Einheitserde, Sinntal-Altengronau, Sinntal, Germany) was used as a growth
substrate. The experimental unit consisted of two plants per pot were grown in plastic pots of
12x12x20 cm in size. The greenhouse conditions were: 16/8 h (day/night) photoperiod
obtained from an artificial light with a light intensity of >300 umol m~2 st (Philips SGR 140,
Hamburg, Germany); 20 + 2°C temperature, 50-70% relative humidity (RH) and water on
demand (Alisaac et al., 2019).

4.4.2.2. Fusarium Inoculum and Inoculation

The isolate S.19 of Fusarium graminearum was used from the collection of the Institute of
Crop Science and Resource Conservation (INRES), University of Bonn. . This isolate was used
in previous studies and proved its virulence and its ability to produce high amounts of
mycotoxins (Alisaac et al., 2019). Fungus culturing and inoculum production were performed
according to Alisaac et al. (2018). A Fuchs-Rosenthal chamber was used to adjust the inoculum
concentration to 1x10° conidia/mL. A fresh inoculum was produced for each inoculation time
and used immediately after harvest to inoculate the two-central spikelets of the spike. The
inoculation was done using a pipette by injecting 5 pl of inoculum and water as a control in the

space between the palea and the lemma of the two-terminal florets of the spikelet.

At anthesis, six homogeneous secondary spikes per variety per pot were marked to be
inoculated at different dates after anthesis. The inoculation at the anthesis stage GS61 to GS65
was considered 0 daa. Plants of both varieties were inoculated at six different dates (0, 5, 10,
15, 20, and 25 daa; six spikes per variety). Parallel controls of six spikes per expiremental unit
were mock inoculated for each inoculation timing. After inoculation, the plants were incubated
for 48 h at greenhouse conditions and 95% RH by covering them with plastic bags. At harvest,
the spikes were collected, and each spike was divided equally into three parts: tip, center (which

contains the inoculated spikelets) and base (Figure 24). Each part was threshed manually.

4.4.2.3. Pathogen Re-isolation

Twelve kernels of each part of the spike (two kernels per part and spike were selected
randomly) were superficially sterilized for 2 min in 2% NaOCI and rinsed three times with
sterilized distilled water for 2 min each time. The kernels of each part were placed on potato
dextrose agar (PDA) (Merck, Darmstadt, Germany) in 9-cm Petri dishes and incubated at 22 +

2°C for one week. After incubation, the re-isolation ratio was calculated.
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4.4.2.4. DNA Extraction and gPCR

DNA was extracted from 20 mg flour using the cetyltrimethylammonium bromide method with
polyethylene glycol precipitation (Brandfass and Karlovsky 2006) and dissolved in 50 pL TE-
buffer (10 mM Tris, 1 mM EDTA, pH 8.0). DNA quality was checked by electrophoresis in
0.8% agarose gel. The DNA samples were diluted 100-fold in water and F. graminearum DNA
was quantified by real-time PCR (gQPCR) with species-specific primers (Nicholson et al. 1998)
as described previously (Brandfass and Karlovsky 2006). Briefly, the PCR was performed with
an initial denaturation at 95.0°C for 2 min, followed by 35 cycles of denaturation at 94.0°C for
0:30 s, annealing at 61.0°C for 0:30 s, and elongation at 68.0°C for 0:30 s. Final elongation
was carried out at 68.0°C for 5 min. To generate melting curves, PCR products were heated to
95.0°C for 1 min and cooled to 55.0°C for 1 min; then the temperature was slowly raised at
0.5°C/10 s with continuous fluorescence monitoring. The standards were prepared as 3-fold

dilutions of pure F. graminearum DNA.

4.4.2.5. Mycotoxin Extraction and HPLC-MS

For mycotoxin extraction, the flour of each part of the spike was weight, suspended in
acetonitrile-water (84:16) at a ratio of 100 mg flour to 1 mL solvent, and shaken overnight. The
mixture was centrifuged at 4,500 rpm and 1 mL of the supernatant was transferred to a 2-mL
Eppendorf tube and dried under reduced pressure at 40°C. One mL methanol-1% formic acid
in water (25:75, v/v) was used to re-suspend the dry residue. The samples were completely
dissolved by sonication in an ultrasonic bath. For toxin quantification, an Agilent (Waldbronn,
Germany) 1290 Infinity 11 HPLC system connected to an Agilent 6460 Triple Quad was used.
An Agilent Zorbax Eclipse C18 column with 1.8-pum particle size and 100 x 2.1 mm diameter
was used for separation (Beule et al. 2019). Briefly, the analytes were eluted by a gradient of
5% to 36% methanol in water containing 0.1% formic acid, ionized by electrospray in a positive
mode, and detected by tandem mass spectrometry. DON was detected using a precursor ion
m/z 297.1 (M+H)" and a product ion m/z 249.1. DON-3-G was detected after in-source
fragmentation using the same transition. The limits of detection (LOD) and quantification
(LOQ) for DON were 6 and 18 ng/g, respectively. The LOD and LOQ for DON-3-G were 0.11
and 0.36 ug/g, respectively.

4.4.2.6. Statistical Analysis

The statistical analysis was performed in the open-access software RStudio with the ‘agricola’
package (RStudio, Boston, USA). Kruskal-Wallis test was used to assess the significance of
differences in fungal DNA, mycotoxin levels and DON-3-G/DON ratio at p < 0.05, n = 6.
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Correlations between fungal DNA and mycotoxin levels were assessed using Pearson’s

correlation coefficient with the threshold of significance set at p < 0.0001, n = 36.

4.4.3. Results

4.4.3.1. Pathogen Movement and Re-isolation

The control spikes of both varieties showed no infection in all parts of the spike i.e. base, center,
and tip. The pathogen grew in the inoculated plants from the inoculation site downward. At all
inoculation times and in both varieties, the pathogen was never isolated in the tips of the spikes,

but 100% from the centers and the bases of the spikes (Figure 24).

Figure 24. Sampling method and re-isolation of Fusarium graminearum from the tips (top
row), centers (middle row), and bases (bottom row) of the spikes of spring wheat varieties
‘Sonett” and “Triso’ after inoculation of the central spikelets of the spike (n = 12).

4.4.3.2. Effect of Infection Timing on Fungal DNA Content in Wheat Kernels

Neither variety contained any DNA of F. graminearum in any part of control spikes. In
addition, no fungal DNA was detected in the tips of the spikes for all inoculation times in both
varieties (Figure 25). The content of F. graminearum DNA in the centers of the spikes was
higher than in the bases for all inoculation times (Figure 25). In the spike centers of both
varieties, the greatest fungal DNA content was observed at the inoculation time 5 daa. The
fungal DNA content decreased with inoculation timing till 25 daa. The bases of the spikes of
both varieties showed the same trend, except for the maximum DNA level reached in ‘Sonett’

inoculated at anthesis.
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Figure 25. Fungal DNA content in the tips, centers, and bases of the spikes of spring wheat
varieties ‘Sonett’ and ‘Triso’ after inoculation of the central spikelets of the spike with
Fusarium graminearum at different days after anthesis (daa), Kruskal-Wallis test, (p < 0.0001),
n = 6; treatments with the same letters at the level of the variety are not significantly different.

4.4.3.3. Effect of Infection Timing on DON, DON-3-G Content and Detoxification Ratio
in Wheat Kernels

Neither DON nor DON-3-G was detected in any part of control spikes and the tips of inoculated
spikes of both varieties at all inoculation times (Figure 26, 27). In both varieties, higher
contents of DON and DON-3-G were shown in the centers compared with the bases at all
inoculation times. The content of DON and DON-3-G in the centers and the bases of the spikes
of ‘Sonett’ decreased with the inoculation timing from very high levels in spikes inoculated at
anthesis to scarcely detectable amounts in spikes inoculated at 25 daa. In spike bases of ‘Triso’,
the highest contents of DON and DON-3-G declined with the inoculation time in a similar way,
except that the highest levels accumulated in spikes inoculated 5 daa. In spike centers of

‘Triso’, the values first rose before they decreased with the highest levels at 10 daa.

The ratio DON-3-G to DON, reflecting the detoxification activity, varied between 10 and 90%
in the bases and the centers of the spikes in both varieties with a distinct trend (Figure 28).
Very low levels or absence of DON and DON-3-G in the tips of spikes prevented the

assessment of their detoxification activities.
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Figure 26. Deoxynivalenol content in the tips, centers, and bases of the spikes of spring wheat
varieties ‘Sonett’ and ‘Triso’ after inoculation of the central spikelets of the spike with
Fusarium graminearum at different days after anthesis (daa), Kruskal-Wallis test, (p < 0.0001),
n = 6; treatments with the same letters at the level of the variety are not significantly different.
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Figure 27. Deoxynivalenol-3-glucoside content in the tips, centers, and bases of the spikes of
spring wheat varieties ‘Sonett’ and ‘Triso’ after inoculation of the central spikelets of the spike
with Fusarium graminearum at different days after anthesis (daa), Kruskal-Wallis test, (p <
0.0001), n = 6; treatments with the same letters at the level of the variety are not significantly

different.
4.4.3.4. Correlation between Mycotoxin Content and Fungal DNA
Pearson’s correlation coefficient between fungal DNA and mycotoxin level was calculated
using the data from all inoculation times. In general, a higher correlation was observed in the
bases of the spikes than in the centers for both varieties (Figure 29). The susceptible variety
‘Sonett” showed a higher correlation than the resistant “Triso’ for the same parts of the spike
(Figure 29).
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Figure 28. Deoxynivalenol-3-glucoside/Deoxynivalenol ratio in the tips, centers, and bases of
the spikes of spring wheat varieties ‘Sonett” and ‘Triso’ after inoculation of the central spikelets
of the spike with Fusarium graminearum at different days after anthesis (daa), Kruskal-Wallis
test, (p < 0.0001), n = 6; treatments with the same letters at the level of the variety are not

significantly different.
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Figure 29. Pearson’s correlation coefficient between fungal DNA and deoxynivalenol, fungal
DNA and deoxynivalenol-3-glucoside, deoxynivalenol and deoxynivalenol-3-glucoside in the
bases and centers of the spikes of spring wheat varieties ‘Sonett’ and ‘Triso’ after inoculation
of the central spikelets of the spike with Fusarium graminearum at different days after anthesis

(daa), (p <0.0001, n = 36).
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4.4.4. Discussion

The current study showed that the pathogen spreads from the inoculated spikelet downward at
all inoculation times. This conclusion is based on the observation that the fungus was not
isolated from the tips of the spikes but it was present in the centers containing the inoculated
spikelets and the bases of both varieties. In addition, fungal DNA was not detectable in the tips
of the spikes, while the largest amount of fungal DNA was found in the centers followed by

the bases.

Predominantly downward-oriented growth of F. graminearum in wheat spikes was reported
for the first time in 1905 by the U.S. plant pathologist Edward Freeman (Freeman 1905).
Anatomical and micromorphological details of the infection of spikes were elucidated in
microscopic studies for over a century. These studies confirmed that downward-oriented
growth of F. graminearum from the point of inoculation was faster than upward-oriented
growth (Atanasoff 1920; Miller et al. 2004). The qualitative character of histology however
prevented quantitative comparisons. Several studies focusing on single spikelets and the
neighboring tissues noticed the presence of hyphae below and above the inoculation point
without attempting to compare the extent of colonization (llgen et al. 2009; Ribichich et al.
2000). The most revealing histological study so far regarding the direction of vertical growth
of F. graminearum in wheat spikes examined ordered sections of the entire point-inoculated
spike by optical and electron microscopy (Brown et al. 2010). The authors hypothesized that
the lack of connection between the vascular vessels of the inoculated spikelet and the rachis
above the point of inoculation accounted for the reduced colonization of the upper part of the
spike. Another important finding of the study (Brown et al. 2010). was that two third of the
colonized tissue appeared asymptomatic, indicating that visual symptoms do not provide a

reliable assessment of infection.

Quantitative studies of the colonization of spikelets above and below the point of inoculation
relied on visual symptoms, re-isolation of the fungus from individual spikelets, determination
of fungal DNA content by gPCR, and indirectly on DON content. Visual symptoms are least
reliable because seed infection poorly correlates with visual measurements (Argyris et al.
2005). Even authors who used visual assessment of spikelet infection in their work reported
conjunction of symptoms caused by progressing infection with the stunting of kernels above

the inoculation point due to plugged vascular tissue (Hallen-Adams et al. 2011). The
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observation that colonized kernels might be asymptomatic (Brown et al. 2010) further

diminishes the utility of visual symptoms for the assessment of infection.

Using re-isolation, Argyris et al. (2005) established downward-oriented growth of
F. graminearum from point-inoculated spikelets for three out of four wheat varieties. Their
results were confirmed for two other F. graminearum isolates in a greenhouse study (Siou et
al. 2015b) and for a large number of F. graminearum isolates point-inoculated into the middle
of wheat spikes in the field (Malbran et al. 2012). Visual assessment of point-inoculated spikes
of FHB-resistant variety ‘Alsen’, too, confirmed downward-oriented spread of
F. graminearum within the spike. Infected kernels (less than 20 % of all kernels) were found
up to three levels below the point of inoculation but only one level above (Hallen-Adams et al.
2011).

DON levels were reported for kernels below the point of inoculation in the same study, but not
above the point of inoculation, apparently due to low sensitivity of the method (LOD of 20
Mo/g) (Hallen-Adams et al. 2011). Similarly, much large amounts of DON were found in
spikelets below than above the inoculation point in another study (Savard et al. 2000). These
results are in line with the finding of the current study (Figure 26). Apparently, transport of
DON to upper parts of the spike with the transpiration stream does not significantly affect DON

content in kernels (see below).

Can F. graminearum colonize wheat spike in an upward direction? Some published results
suggested that it might be possible. Argyris et al. (2005) reported 100% colonization of
spikelets below and above the point of inoculation in their most susceptible accession. When
comparing the results from Argyris et al. (2005), several aspects have to be considered
critically. The breeding line ‘GA 89482-E7’ perhaps possessed lower Type Il resistance than
the susceptible commercial variety ‘Sonett’ used in the current study. Furthermore, the
inoculation conditions differed: Argyris et al. (2005) kept inoculated plants at 25-35 °C and
100% humidity for 72 h, while inoculated plants in the current study were kept at 20 °C and
95% humidity only for 48 h. We assume that the combination of high susceptibility of the host
plant and highly conducive infection conditions accounted for the heavy infection of spikelets
of this particular variety above the point of inoculation. These conditions may occur in some

growing areas.

Ha et al. (2016) investigated the effect of wheat variety on hyphal growth of F. graminearum.
They showed abundant growth of fungal hyphae in the inoculated spikelet of the susceptible
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variety ‘Milan’ compared with the resistant ‘Sumai 3°. Fungal DNA amount decreased with
infection timing from 5 daa in the centers of both varieties. This tendency was more obvious
in the bases of the susceptible variety ‘Sonett’ than in the resistant “Triso’. This corresponds to
the results of former studies, which showed that the amount of DNA of F. graminearum in
wheat kernels decreased with infection timing after spray inoculation. Siou et al., (2014)
reported decreasing amounts of fungal DNA of two aggressive isolates of F. graminearum in
wheat kernels between 8 daa and 28 daa. Similarly, Beccari et al. (2019) described decreasing

accumulation of fungal DNA from 3 daa until 9 daa.

Previous reports documented DON translocation within the plant tissues above the inoculation
site. Kang & Buchenauer (1999) showed that the hyphae of F. culmorum could not be detected
in third spikelets above the inoculated spikelet, but DON was present especially in the xylem
vessels and phloem sieve tubes, suggesting that DON can be translocated upward through these
tissues. DON translocation was also reported after stem-base-inoculation of bread wheat with
different Fusarium species i.e. F. pseudograminearum, F. culmorum, and F. graminearum.
Even if the fungus was not present in the spike tissue (including chaff, rachis, and kernels),
DON was detectable in the spike tissue of the stem-base-infected plants (Beccari et al., 2018b).
In contrast, the results of the current study did not confirm DON translocation from inoculated
spikelets into the kernels at the tip of the spike for both varieties and all inoculation times. This
is attributed to differences in the investigated tissues since former studies proved an upward
DON translocation into spike tissue including the chaff and rachis, whereas the current study
investigated DON translocation in wheat kernels above the inoculation site. In addition, in the
stem-base-inoculation, the plants were inoculated at the seedling stage, which means the entire
plant tissue was contaminated with DON before spike formation. In the current study, the plants

were inoculated at the anthesis stage after spike emergence.

The DON content in wheat kernels is affected by several factors including the wheat variety,
infection timing, and weather conditions especially post-anthesis moisture (Cowger et al. 2009;
Yoshida and Nakajima 2010). Several studies showed that a significant amount of DON can
be produced 20 daa, even when the plants were inoculated at anthesis. In addition, late infection
resulted in healthy-appearing kernels contaminated with high levels of DON. The high level of
DON was attributed to the long duration of post-anthesis moisture that provided optimal
conditions for the fungus to induce infection and produce mycotoxins (Cowger and Arrellano
2010; Cowger and Arellano 2013; Yoshida and Nakajima 2010). This can also be achieved by

incubating the plants under plastic bags for 48 h after inoculation. Alisaac et al. (2019) showed
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that incubating wheat plants under plastic bags for 48 h after inoculation resulted in high fungal
DNA content and DON contamination even with a concentration of 1x10* conidia/mL of
inoculum. The current study demonstrated the ability of F. graminearum to infect and
contaminate wheat kernels with DON up to 25 daa. However, the amount of the inoculum that
was delivered directly into the space between the palea and the lemma helped to induce the
infection even 25 daa. This amount of inoculum will not be available within the wheat spikelets
under natural conditions. Therefore, the time window for successful infection under natural

conditions is likely to be narrower.

Variety resistance and infection timing had a significant effect on DON content in the kernels.
The susceptible variety ‘Sonett’ showed decreasing DON content in the centers and the bases
starting from O until 25 daa. These results correspond with the results of Siou et al. (2014) who
reported decreasing DON contents in the highly susceptible wheat variety ‘Royssac’ from 0-
28 daa. The moderately resistant variety ‘Triso’ exhibited increasing DON contents from 0-10
daa in the centers and from 0-5 daa in the bases. Beccari et al. (2019) reported the same trend
of F. graminearum to cause higher DON contamination at 3 and 6 daa than 0 and 9 daa in the

wheat variety ‘Dyna-Gro Shirley’.

The content of fungal DNA correlated with DON content in both varieties for all inoculation
times, which is similar to the results of Beccari et al. (2019) and Siou et al. (2014). The
correlation appeared tighter in the bases than in the centers of the spikes (Figure 29). We
assume that different age of hyphae in these tissues and a decline of DON production in aging
hyphae (Boenisch and Schafer 2011; Ilgen et al. 2009) might have accounted for this
phenomenon. The centers of spikes contained young and old hyphae at varying ratios, while
the bases were colonized by young hyphae sharing the same DON production rate. The
correlation remained rather tight even in the centers of spikes, indicating that fungal hyphae
produced DON at the same rate in all parts of the spike. Hallen-Adams et al. (2011) attempted
to relate the expression of Tri5, which is the key gene of DON synthesis, to the DON content
in individual spikelets. They found gene expression levels inconsistent with DON levels. For
instance, the highest observed DON level was associated with a low Tri5 expression while
relatively high Tri5 expression was associated with much lower DON levels. The discrepancy
is not surprising because DON accumulated in the tissue is the result of DON productivity
(corresponding to gene expression) multiplied by the fungal biomass and time, rather than to
DON productivity alone. Furthermore, the authors used the ratio of threshold cycles (Ct) of

Tri5 and a housekeeping gene (GAPDH) as a measure of relative Tri5 expression. This is
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incorrect because Ct is inversely proportional to the logarithm of mRNA level; the difference
of Ct values rather than ratio should have been used, as exemplified by the customary AACt

method.

The current study demonstrated that the glycosylation ratio increased as DON content of the
wheat kernels decreased at later inoculation times. This was clearly shown in the bases, which
contained lower amounts of DON than the centers in both varieties, and even stronger in the
centers (Figure 28). We speculate that protein synthesis was suppressed by DON in spikelets
with higher DON content, reducing the synthesis of the enzyme responsible for the
glycosylation. In addition, it was shown that variety resistance plays a role in DON
detoxification, with the detoxification ratio being higher for ‘Triso’ compared with ‘Sonett’.
This corresponds well with former studies, which showed that DON content and variety
resistance are the main factors affecting DON detoxification in wheat (Berthiller et al., 2005;
Lemmens et al., 2016). The high levels of DON-3-G relative to DON in both varieties show
that DON-3-G should be legislated and measured in wheat kernels used in the food and feed

supply chain because DON-3-G can be reconverted to DON in humans and animals.

4.4.5. Conclusions

This study showed that Fusarium graminearum is able to infect wheat spikes and cause DON
contamination in wheat kernels under greenhouse conditions even when inoculated 25 days
after anthesis. The infection timing played a significant role in fungal growth expressed by
fungal DNA and DON content in infected kernels. The fungus grew from the inoculation site
downward within infected wheat spikes and DON accumulation was confined to the colonized
tissue. Variety resistance and DON content correlated with the glycosylation of DON in

infected wheat kernels.
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5. General Discussion and Conclusions

Agricultural production is affected by abiotic and biotic stresses that reduce the quantity and
the quality of the final product. Among biotic stresses, plant pathogens (i.e. viruses, bacteria,
and fungi) contribute significantly to these losses, however, it is still difficult to give an
accurate estimation for these losses (Oerke 2006; Savary et al. 2019). In wheat, plant
pathogens, mainly, leaf diseases and FHB cause up to 21.5% of yield and quality losses (Savary
et al. 2019). Reducing this damage contributes to stabilizing food security and food safety in

addition to its economic benefits for the farmer.

The avoidance of yield and quality losses caused by plant diseases can be achieved by involving
the integrated pest management strategy in the agricultural system. This, in turn, contains
different practices i.e. cultural practices, planting resistant varieties, biological control,
chemical control, and predicting and detecting disease incidence. Among these practices,
fungicides application is laborious, expensive; in addition, the pathogen can develop fungicide-
resistant strains that will not respond to the fungicide treatment in the future. Moreover,
fungicides have negative effects on non-targeted organisms and may hazard the health of
agricultural workers. However, the lack of sufficient resistance in the available varieties to
specific diseases e.g. FHB, makes fungicides application a necessity to control the disease.
Therefore, decreasing fungicides applications will reduce labor and costs, contribute to
protecting the environment and human health, and keep it as an effective tool to control the
disease. This can be reached by reducing the number of treatments and using the local treatment

to the infected plants in the field.

The damage caused by FHB includes yield losses and contamination of wheat kernels with
mycotoxins. Therefore, applying fungicides at an early stage of pathogenicity should be
considered in the management strategy of the disease (Torres et al. 2019). This, in turn, needs
an accurate control of disease incidence under field conditions either for local treatment to the
infected spots or for treating the entire crop. In addition, the selective harvest of healthy spikes
could be an option to avoid infected spikes and reduces mycotoxin contamination (Bauriegel
and Herppich 2014). This shows the need for effective tools for real-time detection and
identification of plant diseases in the field. Optical sensors proved feasibility to detect and
identify plant disease under controlled and field conditions (Mahlein 2016). Former studies
successfully implemented HSI and CFI to detect to discriminate healthy and FHB-infected
spikes (Bauriegel et al. 2011a,b).
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The results of the current studies showed the applicability of optical sensors i.e. IRT, CFl, and
HSI to detect FHB on the spikelet scale as early as three days after inoculation using machine
learning approach. Fusing data of different sensors promoted the overall classification accuracy
during the pathogenicity with the best combination between IRT-HSI (Mahlein et al. 2019).
This will support the decision-making strategy with the required information about FHB

incidence to apply fungicides against FHB at an early stage of pathogenicity.

Based on the SVIs of wheat spikes, it was also possible to discriminate between healthy and
FHB-infected spikes as well as spikes infected with different Fusarium species (Alisaac et al.
2018). Using SVIs in FHB detection reduces the required data and time for FHB detection
because these indices are calculated based on a few numbers of wavebands within the
electromagnetic spectrum. This shows the feasibility of using multispectral instead of
hyperspectral sensors for real-time detection and identification of FHB under field conditions.
This, in turn, gives the possibility of local treatment of infected spots in the field and reduces
the quantities of plant protection chemicals required for disease management. In addition,
selective harvest aided by spectral sensors helps to avoid the infected spikes during harvest and

reduces mycotoxin contamination of the harvested wheat kernels.

The high yielding varieties with sufficient resistance to plant diseases and pests are required to
fulfill the global demand for food and feed. In addition, the involvement of resistant varieties
in the agricultural systems will reduce the use of plant protection chemicals substantially. This
requires finding new sources of genetic variations with sufficient resistance to pathogens and
pests, increasing the size of the breeding programs with faster breeding cycles, improving the
selection accuracy, and developing decision-making tools (Araus et al. 2018). Accelerating the
breeding programs requires also interdisciplinary research involving plant pathology plant
genetics, statistical models of plant genomic and phenomic data, as well as the development of

plant phenotyping techniques in the field (Bolger et al. 2017).

Besides the yield, different plant traits (e.g. plant height, lodging, tolerance of drought and
salinity, and diseases and pests resistance), have to be assessed simultaneously during the
phenotyping process. The genotype-environment interaction is another important factor that
has to be assessed during the phenotyping and this, in turn, means repeating the phenotyping
at multiple locations with different environmental conditions. This makes the phenotyping
under field conditions challenging process because it is laborious, time-consuming, and

subjected to human error. In this term, using optical sensors especially multi- and hyperspectral
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imaging sensors in phenotyping can provide an objective assessment for plant traits in addition
to reduce the time and the labor in the field. These sensors showed feasibility to assess plant-
pathogen interaction as a plant-resistance trait under controlled and field conditions (Mahlein
et al. 2018).

Wheat resistance to FHB can be assessed as the number of infected spikes (disease incidence)
that represents Type | resistance, and the number of infected spikelets per spike (disease
severity) that represents Type Il resistance (Bai and Shaner 1994). Assessment of either Type
| or Type Il resistance requires multiple observation of disease symptoms during the
pathogenicity and combining these observations into one value represented by the AUDPC
(Simko and Piepho 2012). Thereafter, wheat varieties are ranked according to their resistance
to FHB based on the values of AUDPC.

The results of the current research showed the feasibility of HSI to quantify FHB symptoms on
wheat spikes based on the SVIs derived from the mean spectral signature of wheat spikes
during the disease development. A main output of the current research is designing an
automated model to rank wheat varieties according to their resistance to FHB based on multiple
hyperspectral assessments of disease development during the pathogenicity (Alisaac et al.
2018). This approach provides an objective tool to phenotype wheat resistance to FHB
automatically. This in turn reduces the time and the labor required during the phenotyping

process.

Another factor to be considered during the phenotyping process is after-harvest-phenotyping
that targets the kernels. This includes phenotyping of Type IlI, Type 1V, and Type V resistance
that denote to resistance to kernel infection, tolerance against FHB, and resistance to
trichothecenes respectively (Foroud et al. 2019; Mesterhazy et al. 1999). The assessment of
Type Il and Type IV resistance needs pathogen re-isolation on selective media, which takes a
long time to calculate the infection ratio. In addition, pathogen re-isolation gives only
qualitative results (i.e. healthy vs infected) without any quantitative information about the
fungal biomass in the infected kernels. Detection and quantification of Fusarium DNA content
in wheat kernels using qPCR is an alternative tool to assess Type Il and Type IV resistance.
This tool provides quantitative information about the fungal biomass in the infected kernels.
Moreover, trichothecenes detection and quantification using the immunological method
(ELISA) or the chemical method (HPLC) is essential for phenotyping of Type V resistance

(Goral et al. 2019). All the methods mentioned above are destructive, time-consuming,
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laborious, and in the case of mycotoxin quantification, they are expensive (Bock 2020). For
the aforementioned reasons, phenotyping of these types of resistance is only performed for the
advanced lines at the latest stages of the breeding program. Recently, HSI showed feasibility

for detecting FDK and DON contamination in wheat kernels (Femenias et al. 2020).

The results of the current work proved the applicability of HSI to detect wheat kernels and
flour contaminated with multiple levels of DON and fungal DNA of different Fusarium species
(Alisaac et al. 2019). This allows the screening of a large number of wheat entries within a
short time according to their DON and Fusarium DNA contents. Moreover, this technology

will reduce the costs, labor, and time required for wheat kernel phenotyping against FHB.

Recent studies proved a change in Fusarium profile causing FHB on wheat in southern central
and northern Europe with a dominancy of F. graminearum. They attributed the conversion in
the Fusarium profile to the climate change in the world and emphasized the need for tolerant
varieties and modern fungicides to control FHB on wheat (Moretti et al. 2019). In Europe, these
climate changes are expected to be an increase in temperature between 2.5-5°C with longer
drought periods which might decrease crop yields in southern and western Europe. While in
central and northern Europe the increase in temperature is expected to be between 3-4.5°C with
significantly increased rainfall and a potential increase in crop yields (Magan et al. 2011).
Recent modeling studies investigated the potential effect of climate changes on wheat
phenology mainly anthesis and maturity dates in correlation with FHB epidemics and DON
contamination. Madgwick et al. (2011) expected an earlier anthesis date with more severe FHB
epidemics and increased DON contamination in wheat by the 2050s in the UK. In the
Netherlands, van der Fels-Klerx et al. (2013) showed that wheat anthesis and maturity dates
will advance 5-11 and 10-17 days respectively with a significant increase in DON
contamination by the 2040s. Comparable results were obtained using data from Norway,
Sweden, and Finland (van der Fels-Klerx et al. 2012). All the models reviewed above expect a
significant increase in DON contamination in small cereal grains in the future (van der Fels-
Klerx et al. 2016). This raises the question about the effect of Fusarium infection timing with
reference to wheat anthesis and the role of variety resistance on DON accumulation in wheat

kernels.

The results of the current study showed that F. graminearum grows for the infection site
downward and DON contamination is confined only with the infected tissue. In addition, it

showed the ability of F. graminearum to infect wheat kernels and cause DON and DON-3-G
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contamination even when the infection was done close to maturity. It proved also that the major
DON contamination occurred when the infection took place from 0-10 days after anthesis.
Variety resistance played a role in DON contamination and DON detoxification in infected
wheat kernels while lower DON content was observed in moderately resistant variety
compared with susceptible variety. The DON content played a role in detoxification ratio with
a tendency to higher detoxification ratio with a lower DON content in infected wheat kernels.
The high levels of DON-3-G in infected wheat kernels are of concern during the food and feed
processing for two reasons. Firstly, it can not be detected during the traditional DON analysis.
Secondly, it is hydrolyzed into its parental mycotoxins through digestion (Rychlik et al. 2014).

This shows the necessity for controlling this mycotoxin in the food chain.

In summary, this work showed that optical sensors, mainly IRT and HSI are promising tools to
monitor FHB infection on wheat. These tools can be used to prevent quality and quantity losses
caused by FHB in wheat yield. Besides, the results showed the feasibility of HSI to phenotype
wheat resistance to FHB on the spike scale as well as to phenotype FHB infection and
mycotoxin contamination on the kernel scale. This would be an effective advantage to
accelerate the phenotyping process in the breeding programs. The results emphasized that the
masked mycotoxin deoxynivalenol-3-glucoside should be legislated and monitored during the
food and feed processing due to the high levels of this mycotoxin even with the late infection
with FHB.
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