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Summary

Summary

Sunflower broomrape, Orobanche cumana WALLR., is a root parasitic plant causing
considerable yield losses in sunflower cultivation in Europe, North Africa and Asia.
Comprehensive knowledge about the early interaction stages between host and parasite
is necessary to find new ways of controlling this weed. In this thesis, three aspects
regarding the biology of O. cumana were studied: 1) the chemotropism of O. cumana
germtubes which bend towards the host root, 2) the development of O.cumana on
resistant and susceptible sunflower lines and 3) the development of the phloem

connection between the O. cumana haustorium and the sunflower host root.

Sesquiterpene lactones in sunflower root exudates act as germination stimulants for
O. cumana. As sesquiterpene lactones are known inhibitors of plant elongation growth
and seem to play a role in the phototropic curvature of sunflower hypocotyls, it was tested
if they also serve as chemotropic signals for the host-finding of O. cumana germtubes. A
chemotropism bioassay was established by placing filter discs with the substances of
interest on water agar in petri dishes and recording the growth direction of emerging
germtubes. When sesquiterpene lactone containing sunflower root exudate, sunflower
seed oil extract or the sesquiterpene lactone reference costunolide were applied, 70 % of
the germtubes showed orientation towards the filter discs. The artificial strigolactone
GR24, however, did not induce chemotropism. A concentration gradient of sesquiterpene
lactones exudated from the host root is likely to be responsible for a stronger inhibition
of elongation growth on the host-facing flank of the germtube compared to the far side
flank. This would confer a double role of sesquiterpene lactones from root exudates in
the sunflower-broomrape-interaction, namely as germination stimulants and as chemo-

tropic signals.

One way of controlling O.cumana is the cultivation of resistant sunflower lines.
However, this resistance is rapidly overcome by more aggressive pathotypes of the
parasite. Therefore, the resistance or tolerance reaction of the sunflower genotype T35001
was investigated in comparison to six other sunflower genotypes with different resistance
characteristics. The development of O. cumana was monitored in a root chamber system
which allowed permanent assessment of germination, attachment and tubercle formation
in the different host-parasite-combinations. All seven tested sunflower lines induced

germination and attachment of O. cumana, independent of the expected resistance or



Summary

susceptibility of the host. A difference between compatibility or incompatibility of the
interactions was only observed at the tubercle stage. On T35001, tubercles never
occurred, neither in root chamber experiments, nor in additional pot experiments. To find
out why the development stopped before the tubercle stage, samples of sunflower roots
with attached O.cumana seedlings were analysed by bright field- and fluorescence
microscopy as well as transmission electron microscopy. Histological studies revealed
that O. cumana penetrated the host root, but never reached the host’s vascular bundle.
The root cortex cells surrounding the Orobanche haustorium showed no ultrastructural
changes such as cell wall thickening. Fluorescence microscopy revealed no callose
depositions or signs of phytoalexin release. However, ultrastructural examination of the
host-parasite-interface showed degeneration processes in both cortex and haustorial cells.
Cortex cells were flooded with bacteria, haustorium cells showed degeneration of
cytoplasm and nuclei. The resistance mechanism that prevented further development of
the O. cumana haustorium did not express itself in a histologically visible way.

As holoparasite, O. cumana acquires its entire demand for water, minerals and organic
nutrients from the host’s vascular system. The development of the xylem connection
between O. cumana and sunflower had previously been reported, but the phloem con-
nection is far more relevant for the parasite in terms of organic nutrients. Accordingly,
the ultrastructure of the phloem connection between the haustorium of young O. cumana
tubercles and the sunflower root was examined. Parasite and host tissues were
intermingled at the contact site and difficult to distinguish, but sieve-tube elements of
O. cumana and sunflower could be differentiated according to their plastid ultrastructure.
While sieve-element plastids of O. cumana were larger, often irregular in shape and
contained few, small starch inclusions, sieve-element plastids of the host were
significantly smaller, always round with more and larger starch inclusions. This made it
possible to trace the exact contact site of host and parasite sieve elements to show a direct
symplastic phloem connection between the two species. The interspecific sieve plate
showed more callose on the host side. This allowed detection of newly formed
plasmodesmata between host sieve-tube elements and parenchymatic parasite cells, thus
showing that undifferentiated cells of the parasite can connect to fully differentiated sieve

elements of sunflower.



Zusammenfassung

Zusammenfassung

Die Sonnenblumen-Sommerwurz, Orobanche cumana WALLR., ist eine wurzelpara-
sitische Pflanze, die betrachtliche Ernteausfalle im Sonnenblumenanbau in Europa, Nord-
afrika und Asien verursacht. Umfassendes Wissen Uber die frihen Interaktionsstadien
zwischen Wirt und Parasit sind notwendig, um neue Wege zur Bekdmpfung des Parasiten
zu finden. In dieser Arbeit wurden drei Aspekte der Biologie von O. cumana untersucht:
1) Der Chemotropismus von O. cumana-Keimschlduchen hin zur Wirtswurzel; 2) die
Entwicklung von O. cumana auf resistenten und suszeptiblen Sonnenblumen-Linien; und
3) die Entwicklung der Phloem-Verbindung zwischen dem O. cumana-Haustorium und

der Sonnenblumen-Wirtswurzel.

Sesquiterpenlactone in Wurzelexsudaten der Sonnenblume induzieren die Keimung von
O. cumana-Samen. Sie sind auch als Inhibitoren des pflanzlichen Streckungswachstums
bekannt und scheinen eine Rolle in der phototropen Kriimmung von Sonnenblumen-
Hypokotylen zu spielen. Deshalb wurde getestet, ob sie auch als chemotrope Signale fur
die Wirtsfindung von O. cumana-Keimschlauchen verantwortlich sind. Ein Chemo-
tropismus-Biotest wurde entwickelt, bei dem die Wuchsrichtung der Keimschléuche in
Petrischalen mit Wasseragar und Testsubstanzen auf Filterplattchen erfasst wurde. Wenn
sesquiterpenlactonhaltiges Sonnenblumenwurzelexsudat, Sonnenblumendlextrakt oder
die Sesquiterpenlacton-Referenzsubstanz Costunolid eingesetzt wurden, wuchsen 70 %
der Keimschl&uche zu den Filterplattchen hin. Das kiinstliche Strigolacton GR24 indu-
zierte keinen Chemotropismus. Ein Konzentrationsgradient der von der Wirtswurzel
exsudierten Sesquiterpenlactone scheint fur eine starkere Inhibierung des Streckungs-
wachstums auf der dem Wirt zugewandten Keimschlauchseite im Vergleich zur abge-
wandten Seite verantwortlich zu sein. Dies wirde den Sesquiterpenlactonen in Sonnen-
blumenwurzelexsudaten eine Doppelrolle in der Interaktion mit O. cumana zukommen

lassen, namlich als Keimstimulanzien und als Signale fiir den Chemotropismus.

O. cumana kann durch den Anbau resistenter Sonnenblumenlinien bek&mpft werden.
Diese Resistenz wird jedoch von neuen, aggressiveren Pathotypen des Parasiten
uberwunden. Ziel war es daher, Resistenz- oder Toleranzreaktionen des Sonnenblumen-
Genotyps T35001 im Vergleich zu sechs anderen Sonnenblumengenotypen mit
unterschiedlichen Resistenzcharakteristika zu untersuchen. Ein Wurzelkammersystem
erlaubte die kontinuierliche Beobachtung der Keimung, Anlagerung und Tuberkelbil-

dung bei den unterschiedlichen Wirt-Parasit-Kombinationen. Alle sieben getesteten
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Zusammenfassung

Sonnenblumenlinien induzierten die Keimung und Anlagerung von O. cumana, unab-
héngig von deren erwarteter Suszeptibilitdt oder Resistenz. Ein Unterschied zwischen
kompatiblen und inkompatiblen Interaktionen wurde erst im Tuberkelstadium sichtbar.
Auf den Wurzeln von T35001 entwickelten sich nie Tuberkel, weder in Wurzelkammer-
noch in Topfversuchen. Um herauszufinden, warum die Entwicklung von O. cumana vor
dem Tuberkelstadium stoppte, wurden Proben von Sonnenblumenwurzeln mit angelager-
ten Keimlingen licht-, fluoreszenz- und transmissionselektronenmikroskopisch unter-
sucht. Die histologischen Studien zeigten, dass der Parasit zwar in die Wirtswurzel ein-
drang, jedoch nicht den Zentralzylinder erreichte. Die Wurzelrindenzellen, die das Oro-
banche-Haustorium umgaben, wiesen keine ultrastrukturellen Veranderungen auf, wie
beispielsweise Zellwandverdickungen. Weder Kalloseablagerungen noch Zeichen fur
Phytoalexinproduktion waren mittels Fluoreszenzmikroskopie sichtbar. Ultrastrukturelle
Untersuchungen der Kontaktstellen von Wirt und Parasit zeigten jedoch Degenerations-
prozesse sowohl in den Zellen der Wurzelrinde als auch in denen des Haustoriums. Die
Wurzelzellen waren voller Bakterien und auch Zellkerne und Cytoplasma der Haustorien-
zellen erschienen degeneriert. Der Resistenzmechanismus, der die weitere Entwicklung

des Haustoriums verhinderte, war histologisch nicht sichtbar.

Als Holoparasit deckt O. cumana seinen gesamten Bedarf an Wasser, Mineralien und
organischen Nahrstoffen aus dem Leitbindelsystem des Wirtes. In dieser Arbeit wurde
zum ersten Mal die Ultrastruktur der Phloemverbindung zwischen dem Haustorium des
jungen Tuberkels und der Wirtswurzel untersucht. Die Gewebe von Wirt und Parasit
waren an den Kontaktstellen schwer zu unterscheiden. Jedoch konnten die Siebrthren-
elemente aufgrund ihrer Plastidenultrastruktur eindeutig zugeordnet werden. Wahrend
die Siebrohrenplastiden von O. cumana meist groRer und unregelméliiig geformt waren
und wenige kleine Starkeeinschlisse enthielten, waren die Siebréhrenplastiden der Son-
nenblume signifikant kleiner, immer rundlich und besal’en mehr und gréliere Starkeein-
schliisse. Dies erlaubte es, die exakte Anschlussstelle zwischen Wirt und Parasit zu fin-
den. Es wurden direkte symplastische Phloemverbindungen zwischen den beiden Arten
entdeckt. Die interspezifische Siebplatte wies auf der Wirtsseite stets mehr Kallose auf
und ermoglichte somit die Identifizierung neu gebildeter Plasmodesmen zwischen paren-
chymatischen Haustorienzellen und Siebréhren der Sonnenblume. Die undifferenzierten
Orobanche-Zellen konnten sich also mit den vollstandig differenzierten Siebréhrenele-

menten der Sonnenblume verhinden.
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|. General introduction

I. General introduction

Parasitic plants are fascinating organisms. Whereas normal plants produce their own
nutrients via photosynthesis and take up water and minerals via roots, holoparasitic plants
withdraw all needed substances from a host plant. This has led to a number of specific
adaptations (Kuijt 1969, Heide-Jargensen 2008, 2013). In comparison to non-parasites or
hemiparasites, root holoparasites usually only have small scale-leaves, they lack
chlorophyll and have no roots (Heide-Jgrgensen 2008, 2013). Instead they connect to the
roots of a host plant with a specialised organ, the haustorium, which functions as
anatomical and physiological bridge between parasite and host (Kuijt 1969, Joel 2013,
Yoshidaet al. 2016). Via the haustorium, the parasite acquires its entire demand for water,
minerals and organic nutrients from the host’s vascular system (Westwood 2013). This
causes a growth reduction of the host plant, which is particularly problematic in crop
plants. Especially the root parasites of the Orobanchaeceae family pose a great threat to
agriculture (Heide-Jargensen 2013, Parker 2013). The genus Striga (witchweeds) causes
considerable yield losses in Poaceae crops (e.g. maize, millet, rice) in sub-Saharan Africa.
The genera Orobanche and Phelipanche (broomrapes) comprise many weedy species that
attack a variety of crops, from families like the Solanaceae, Fabaceae, Apiaceae and
Asteraceae (Koch 1887, Parker 2013). Most of these have a more or less wide host range
and there is only one species with a single principal host crop: sunflower broomrape,

Orobanche cumana WALLR. (Parker 2013).

O. cumana is a specific parasite of cultivated sunflower (Helianthus annuus L.). It is a
serious and increasing threat to sunflower cultivation in the Old World, namely the
Mediterranean, Eastern Europe and Asia, where it causes severe yield losses (Fig. I;
Parker 2009, 2013, Ferndndez-Martinez et al. 2015). Interestingly, O. cumana is not
present on the American continent (Cantamutto et al. 2014, Kaya 2014), where sunflower
was domesticated by Native Americans (for references see Jan & Seiler 2007). O. cumana
evolved in Russia, where sunflower was cultivated in the 18" century (Teryokhin 1997,
Skori¢ et al. 2010, Antonova 2014, Moninero-Ruiz et al. 2015). First reports of sun-
flowers parasitised by O. cumana stem from the late 19" century (for references see
Teryokhin 1997, Skori¢ et al. 2010, Antonova 2014). O. cumana putatively evolved from
an Orobanche cernua LOEFL. population parasitising wild Asteraceae species, e.g.
Artemisia spp. (Skori¢ et al. 2010, Antonova 2014, Fernandez-Martinez et al. 2015). Now

13



I. General introduction

O. cumana is mainly found on cultivated sunflower and differs genetically and morpho-
logically from O. cernua (Kreutz 1995, Katzir et al. 1996, Pujadas-Salva & Velasco 2000,
Roman et al. 2003).

Fig. I Global distribution of O. cumana. Countries in which O. cumana has been reported are

marked in red. Data based on Parker 2013 and Kreutz 1995, Amri et al. 2012, Antonova 2014,
Jestin et al. 2014, Shi et al. 2015, Jebri et al. 2017, Nabloussi et al. 2017. Source of the blank

map: https://upload.wikimedia.org/wikipedia/commons/4/46/BlankMap-World-2007.png.

The annual lifecycle of O. cumana is closely linked to the lifecycle of its host (Fig. I1).
The tiny seeds of the parasite germinate only when a suitable host root is nearby. Ger-
mination of the seeds is triggered by sesquiterpene lactones that are exudated into the soil
by sunflower roots (Joel et al. 2011, Raupp & Spring 2013). The seedling of O. cumana
is a hyaline tube that develops from hypocotyl and radicle tissues (Joel & Bar 2013). It
lacks typical seedling structures and is therefore often called ‘germtube’ (Losner-Goshen
et al. 1991, Joel & Losner-Goshen 1994, Delavault 2015). The germtube grows towards
the host root (Krupp 2014, Fernandez-Martinez et al. 2015). This directed growth has
been studied in other species, where chemotropism was identified as the underlying
mechanism (Saunders 1933, Whitney & Carsten 1981). When the germtube touches the
host root, an attachment organ is formed, the appressorium (Krenner 1958, Joel & Losner-
Goshen 1994). In a next step, the parasite penetrates the host root tissues and connects to
the host’s vascular bundle, thus forming the haustorium (Dorr et al. 1994). Via this

anatomical and physiological bridge, the parasite withdraws all needed substances from

14



|. General introduction

its host (Teryokhin 1997, Westwood 2013, Delavault 2015, Fernandez-Martinez et al.
2015). Organic nutrients are stored in a tubercle, from which the shoot arises (Koch 1887,
Teryokhin 1997). The shoot emerges from the soil and starts flowering at about two weeks
after emergence (Parker & Riches 1993). O. cumana seems to be mainly self-pollinated
(Gagne et al. 1998), but cross-fertilization has also been observed (Rodriguez-Ojeda et
al. 2013). Each flower develops into a capsule that contains hundreds of seeds, thus
completing its lifecycle within approximately three to four months (Joel et al. 2007,
Krupp 2014, Delavault 2015).

pollination

e

seed dispersal
aboveground

\Y)
inflorescence Wﬁ'
*l N

| 7,

shoot

emergence

ey underground \
tubercle *\1 'W_ seed
ﬁ{"' .
accumulation of ) g life cycle of , host-induced
storage compounds — —_ Orobanche cumana .—!7_3 germination
\ —— seedling
\ Ve =germtube
connectionto host —— | L 7
vascularbundle  EIIEEE
m—4 LN |
\ ___~ chemotropism
haustorium .5\\ — I

_ _ ﬁﬂ_-__ﬁ\ -
penetration f_% ﬂ appressorium

[ ___ attachment

Fig. Il Lifecycle of O. cumana. The parasite’s organs are given in black and highlighted with
arrowheads, processes are given in blue italics. The host root is depicted in a longitudinal
section. V = vascular bundle of the host root, * = swelling of the host root upstream of the
haustorium. Drawings by A. Krupp.
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I. General introduction

The seeds of O. cumana are approximately 300 um long (Krupp et al. 2014) and are easily
dispersed by wind, water, animals and agricultural machinery (Joel et al. 2007). The seeds
remain viable in the soil for over a decade and with the massive amount of seeds produced
by one plant a seedbank develops rapidly in the soil (Goldwasser & Rodenburg 2013).
Heavy infestation of sunflower crop arises, with up to 86 parasites per host plant (Kreutz
1995), which can lead to a total yield loss (Joel et al. 2007). To control O. cumana, two
main strategies have been implemented: cultivation of herbicide-resistant sunflower lines
in an imidazol-system where all weeds including O. cumana are destroyed by herbicide
application and breeding of sunflower lines that are resistant to O. cumana (Aly et al.
2001, Skori¢ et al. 2010, Fernandez-Martinez et al. 2012). This resistance has however
often been overcome by the parasite after a few years due to the occurrence of new, more
aggressive physiological races or pathotypes (for definition of the terms see Spring et al.
2018) of O. cumana (Pacureanu-Joita et al. 2009, Skori¢ et al. 2010, Molinero-Ruiz et al.
2015).

Current research on the interaction of O. cumana and sunflower has mainly focused on
the definition and distribution of new O. cumana pathotypes (Molinero-Ruiz et al. 2013,
Pineda-Martos et al. 2013, Antonova 2014, Molinero-Ruiz et al. 2015, Duca et al. 2017),
germination stimulants of the host (Joel et al. 2011, Raupp & Spring 2013, Ueno et al.
2014) and resistance genes of sunflower (Pérez-Vich et al. 2004, Velasco et al. 2007,
Rodriguez-Ojeda et al. 2013, Imerovski et al. 2013, Molinero-Ruiz et al. 2015). In
contrast, research on the fundamental processes of cellular interaction between host and

parasite in the early developmental stages is relatively scarce.

However, the host-parasite-interaction has to be understood in detail to find new control
strategies for this weed. The aim of this thesis was to investigate the strategies and
mechanisms of the early interaction between O. cumana and its host sunflower. Thus, the

following research questions arise:

1. How does the parasite’s germtube find the host root?

2. What mechanisms are responsible for sunflower resistance against O. cumana?
3. How does the parasite connect to the host’s phloem?

These research questions are addressed in the following three chapters to shed light on
the biology of this economically relevant parasitic plant.

16



Chapter 1: Chemotropism of O. cumana germtubes

Chapter 1. Chemotropism of O. cumana germtubes

Some of the results presented in this chapter are part of the thesis for a teaching degree of
Barbara Bertsch (2015) conducted under my co-supervision.

1.1 Introduction

Chemical signals are decisive factors for the survival of parasitic plants. Thus, strigo-
lactones and sesquiterpene lactones (STL) released from the hosts have been found to
stimulate germination of root parasites from the Orobanchaceae family and secure host
specificity (reviewed by Yoneyama et al. 2013). But germination is only the first step,
which wakes up the parasite by breaking its dormancy. Afterwards, the parasite has to
reach the host by actively growing towards it (Beck-Mannagetta 1890, Kadry & Tewfic
1956, Teryokhin 1997). The shoot parasite dodder (Cuscuta pentagona ENGELM.), for
example, “smells” its host and its growth is guided by volatile compounds such as a-
pinene (Runyon et al. 2006). This process, named chemotropism, is even harder to study
when it happens below ground as in root parasites. Germination of these parasitic plants
has extensively been studied, especially in the weedy species like Striga spp. (Cook et al.
1966, 1972, Siame et al. 1993), Phelipanche ramosa (L.) POMEL (Auger et al. 2012) and
also the sunflower parasite O. cumana (Joel et al. 2011, Raupp & Spring 2013, Ueno et
al. 2014). However, the mechanism that leads to the curvature of the parasites’ germtube
(a highly reduced seedling, see Joel & Bar 2013) towards the host root, is very poorly
understood up to date. Early studies by Pearson (1913a, b) and Saunders (1933) reported
a chemotropic mechanism leading to directed growth in Striga seedlings. This was
confirmed by Williams (1961) and illustrated by Yoshida & Shirasu (2009). For other
genera of the Orobanchaceae, chemotropism was observed in Alectra vogelii BENTH.
(Botha 1948, Visser et al. 1977) and Orobanche crenata FORssk. (Whitney & Carsten
1981, Aber & Salle 1982). However, the chemical nature of the signalling compounds
was not unravelled. There are several plant metabolites that have been identified as
mediators in tropic responses. One group of compounds relevant for mediating auxin-
induced growth in plants and inducing phototropic curvature of sunflower hypocotyls are
STL (Spring & Hager 1981, Yokotani-Tomita et al. 1999, Ueda et al. 2013). Four of these
STL, dehydrocostus lactone (Joel et al. 2011), costunolide, 8-epixanthatin and

tomentosin, have recently been identified in root exudates of sunflower (H. annuus) as
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germination stimulants for sunflower broomrape, O. cumana (Raupp & Spring 2013).
Their potential role as chemotropic signal for the host finding process has not been
investigated up to date. Therefore, the aim of this study was to establish a bioassay for
testing the influence of target compounds on the growth of O. cumana germtubes and to
test the hypothesis that the STL are the responsible chemotropic signal in the sunflower-

broomrape-interaction.

1.2 Material and methods

Plant material and cultivation

Sunflower (Helianthus annuus line HA300) plants were grown hydroponically in 1 |
plastic containers for root exudate collection or co-cultivated with O. cumana seeds in a
root chamber system (see chapter 3, p. 48 and Fig. 3.1, p. 49) to monitor germination and
germtube orientation. Seeds of O. cumana pathotype G (collected in the Rostov region of
Russia in 2012) were kindly provided by Dr. T. Antonova and PhD S. Guchetl (All-Russia
Research Institute of Oil Crops by the name of V.S. Pustovoit, Laboratory of Immunity
and Molecular Marking). In the germination bioassays, also O. cumana pathotype E+
(collected in Cordoba, Spain, in 2014) were used. P. ramosa seeds were collected in 2007

from tobacco fields in the Baden region in Germany.

Germination bioassay

Seeds of O. cumana and P. ramosa seeds were surface sterilised with 70 % ethanol for
1 min, 3.6 % sodium hypochlorite solution in 0.1 % Tween 80 for 3 min and 30 s in a
supersonic bath, followed by 0.01 M hydrochloric acid for 10 min (method adapted from
Conn et al. 2015). After each step, seeds were rinsed thoroughly with deionised water.
The seeds were spread on a moist, heat sterilised Whatman filter (diameter 1.15 cm). For
seed conditioning, these filter discs were kept on moist filter paper in Petri dishes at 18°C
in darkness for at least one week. The conditioned seeds were put in small Petri dishes
(diameter 3.8 cm) on Whatman filter discs containing 20 pl of germination stimulant. The
filter paper at the bottom of each dish was moistened with 250 pl ddH20. Each Petri dish
was sealed with Parafilm and wrapped in aluminium foil. After one week in the dark at
18°C, the seeds were germinated. The total seed number and number of germinated seeds

were counted using photographs made with a digital camera (Canon PowerShot A640,
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lens: Canon LA-DC 58F) mounted to a microscope (Zeiss Axioplan, Gottingen,
Germany). The substances tested in germination bioassays were: sunflower seed oil; a
methanolic extract of sunflower seed oil; the methanol extracted oil of sunflower; as well
as olive oil, rape seed oil, mineral oil; the STL costunolide and dehydrocostus lactone;

and the synthetic strigolactone GR24 (see below).

Chemotropism bioassay

The chemotropism bioassay (see Fig. 1.2) was performed in small petri dishes (diameter
3.8 cm) containing 1 % water agar (Agar Agar Kobe I, Roth, Karlsruhe, Germany). A
heat sterilised 5 mm filter disc was immersed with 20 ul of the solved test substance,
dried after application of the solvent and placed in the middle of the Petri dish. Under a
dissecting microscope, conditioned O. cumana seeds (see above) were placed in a 90°
angle to the filter with their micropyle alternatively pointing to the left and right in a
concentric circle with 2 mm distance from the filter (Fig. 1.2 a, b). 10 pl of ddH2O were
pipetted onto the discs to allow dissolution and diffusion of the test substances. In tests
with costunolide concentrations below 10~ M, which were too low to induce germination
in the distance, 10 pl of GR24 (1 ppm) dissolved in water was used instead of ddH-O.
The Petri dishes were sealed with parafilm and kept in the dark at 18°C. After 5-7 days,
germtube curvature was recorded under a dissecting microscope. Germtubes bending
towards the tested substance were recorded as positively chemotropic, germtubes bending
away from it as negatively chemotropic, and germtubes with their tip not showing a clear

direction as indeterminable (Fig. 1.2 c).

Additional tests were conducted: a) with a second concentric circle in 4 mm distance to
the edge of the filter disc; b) with seeds evenly spread without distinctly positioned

micropyles in a distance of 0-2 mm and 2-5 mm from the tested substance.

To test if the germtubes show gravitropism, an experiment was conducted with half of

the Petri dishes placed bottom-up.

Samples tested in chemotropism bioassays were sunflower root exudate, methanolic

extract of sunflower seed oil, costunolide and GR24.
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Root exudate collection

Sunflower plants were grown hydroponically as described by Raupp & Spring (2013).
Root exudates of 25 plants (four weeks old) were collected by pumping the water in which
they were growing over a column filled with 5 g of the ion-exchange resin Amberlite
(XD4, 20-60 mesh, matrix: styrene-divinylbenzene, 100 A mean pore size, Sigma
Aldrich, St. Louis, Missouri, USA) for 24 h at a flow rate of 0.35 ml/s. The exudate was
washed out with acetone, dried, and resuspended in 1.5 ml acetone. The roots were
dissected and weighed. The amount of exudate applied in germination and chemotropism

bioassays corresponded to 0.1 g root fresh weight.

Sunflower oil extraction

Native, organic, cold pressed sunflower oil (Bio Planete, oil mill Moog, Lommatzsch,
Germany) was extracted with methanol. 1 ml oil was mixed with 1 ml methanol in an
Eppendorf tube, shaken, and kept for ca. 1 h until the two phases were separated again.
The methanol phase was removed with a pipette and the extraction was repeated with
1 ml of methanol. 20 ul of the methanolic extract and of the remaining extracted oil were

applied in the germination bioassay.

Other tested substances

The synthetic strigolactone GR24 (Ci7H140s) was purchased from B. Zwanenburg,
Department of Organic Chemistry, Radboud University Nijmegen, Nijmegen, The
Netherlands. GR24 was always used at a concentration of 1 ppm (= 3.3 x 10° M) in an
aqueous solution. Costunolide (CisH2002) was purchased from Selleck Chemicals
(Houston, TX, USA), dissolved and diluted in methanol. Dehydrocostus lactone
(C1sH1802) was purchased from Oskar Tropitzsch GmbH (Marktredwitz, Germany),

dissolved in ethyl acetate and diluted with methanol.

Data collection and statistics

Germination percentages were calculated as germinated seeds per total number of seeds.
At least three biological replications were examined per tested substance.

Chemotropism percentages were calculated as ratio of germtubes showing a detectable
positive chemotropic response per number of all germtubes with distinct growth direction
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in relation to the filter disc. Three or more biological replications were examined per
tested substance.

Values were statistically treated (mean + standard deviation) and tested for significant
differences using ANOVA (InfoStat, version 2016e, InfoStat Group, University of
Cordoba, Argentina). Effects were considered significant if p < 0.05 in the Tukey test.
Graphs were prepared with SigmaPlot 12.5 (Systat Software Inc.).

1.3 Results

Several plant oils, including native sunflower oil, were tested for their capacity to induce
germination of O. cumana and P. ramosa (Fig. 1.1), because recent investigations have
shown that sunflower seeds contain STL (Meier 2018). In the germination bioassay, 20 ul
of undiluted sunflower oil had a similar effect as GR24 (1 ppm) on O. cumana, whereas

mineral oil, olive oil and rape seed oil did not induce germination.
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Fig. 1.1 Germination percentages of O. cumana and P. ramosa seeds in response to plant seed
oils, as well as a methanolic (MeOH) sunflower oil extract, the remaining extracted sunflower
oil, the artificial strigolactone GR24 (positive control) and methanol (negative control). Every
substance was tested in replications of n=3 (except sunflower oil with n=6). The same letter
indicates that differences are not statistically significant (Tukey test, p < 0.05).
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The stimulating agents in sunflower oil could be extracted with methanol and were
identified as costunolide, dehydrocostuslactone, 8-epixanthatin and tomentosin by means
of HPLC-MS measurements (data not shown, Meier 2018). The methanolic extract
induced high germination percentages similar to the unextracted oil, whereas the
extracted oil induced less germination (Fig. 1.1). The STL costunolide and dehydrocostus
lactone also induced germination (data not shown). Costunolide induced higher ger-
mination percentages, so this compound was chosen as STL reference for the chemo-
tropism experiments. The germination inducing effect of sunflower oil did not extend to
the related parasitic plant P. ramosa, which showed high germination percentages in
response to the artificial strigolactone GR24, but did not germinate in the presence of

sunflower, olive or rape seed oil (Fig. 1.1).

A special bioassay allowed to assess if a substance induced chemotropism of O. cumana
germtubes (Fig. 1.2). In a Petri dish with water agar, seeds were placed in a circle around
a filter disc containing the tested substance, allowing the substance to diffuse into the agar
(Fig. 1.2 a, b).

a

Fig. 1.2 O. cumana germtubes in the chemotropism bioassay. a Schematics of the
chemotropism bioassay. The tested substance was applied onto a filter disc (X) and seeds
(arrows) were placed in a circle 2 mm away from the filter. b Chemotropism bioassay setup:
seeds (arrows) were placed in a circle around the filter containing the tested substance (X) with
their micropyle facing alternatively left and right. ¢ Germtubes in a chemotropism bioassay
bending either towards the substance source (+), away from it (-) or showing no distinct
reaction (0). d Detail of two germtubes, one touching the filter with the tested substance (X), the
other growing away from the substrate (arrowhead). Scale bars =1 mm.
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After 3-5 days, the seeds started to germinate and the direction of the germtube tip was
recorded. The hyaline germtubes of O.cumana had a conical tip that became more
rounded over time and appeared often more opaque under the dissecting microscope
(Fig. 1.2 c). If the germtube bended towards the substance source, it was considered
showing positive chemotropism (+), negative chemotropism if it grew away from it (-)
or no distinct reaction (0; Fig. 1.2 c, d). Germtubes were approximately 100 pm in
diameter and could grow up to 2-3 mm long (Fig. 1.2 d). Chemotropism (either positive
or negative) could be evaluated in 3517 % of all seeds or 70+17 % of germinated seeds

(n=39 samples).

More than the half of the germtubes grew upwards away from the substrate (Fid. 1.2 d,
arrowhead) in the chemotropism bioassays (61+13 % with costunolide as germination
stimulant and 57+17 % with GR24). Therefore, the influence of gravity was tested. When
agar plates with the seeds were placed bottom-up (the seeds did not fall off due to
adhesion) again 68+10 % (costunolide) and 618 % (GR24) of the emerged germtubes
grew away from the substrate (in this case, down). There were no significant differences
in percentages of germtubes growing away from the substrate, no matter what their
orientation in relation to gravity was (Fig. 1.3).
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Fig. 1.3 Orientation of O. cumana germtubes in relation to gravity. Percentage of germtubes
growing away from the substrate if the Petri dish was either placed bottom-down (n=5 per
substance) or bottom-up (n=2 per substance). In both cases, and with both the STL costunolide
(10* M) and the strigolactone GR24 (3.3 x 10%M), around 60 % of the germtubes grew away
from the substrate and showed no gravitropism. Percentages are means * standard deviation. No
significant differences between the two treatments were found with the Tukey test (p < 0.05).
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In the root chamber system that allowed monitoring of the parasite’s underground life
stages the growth direction of O. cumana germtubes in relation to the host roots was
recorded (Fig. 1.4). 755 % of the germtubes grew towards the host roots. In chemo-
tropism bioassays, sunflower root exudate, sunflower oil extract and costunolide (10* M)
induced high levels of positive chemotropism. GR24, an artificial strigolactone that
induces germination of many root parasitic plants, did not induce chemotropism at a
concentration of 3.3 x 10°M (1 ppm; Fig. 1.4).

AB,n=8 AB,n=3

69+15%
31 %
sunflower roots sunflower root exudate sunflower oil extract
A,n=5 B,n=19

50+ 14 %
32 %
N + positive chemotropism
EEEN - negative chemotropism
1 0 no chemotropism
costunolide GR24

Fig. 1.4 Chemotropism of O. cumana germtubes towards sunflower roots in root chamber
experiments and towards test substances in chemotropism bioassays with sunflower root
exudate, sunflower oil extract, costunolide (10* M) and GR24 (3.3 x 10-° M) as substance
sources. Percentage of positively (black) and negatively (dark grey) chemotropic germtubes are
given in the pie charts, considering only the germtubes with a clear growth direction. The
germtubes that could not be evaluated because they did not show clear tropism (light grey) were
not included in the calculation. Percentages are means * standard deviation of several biological
replications (n). The same letter indicates that differences are not statistically significant (Tukey
test, p < 0.05).
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The ability to induce positive chemotropism depended on the substance concentration
(Fig. 1.5). When costunolide was applied at a concentration of 107 M or 10° M, only
55+£13 % and 56x12 % of germtubes, respectively, showed positive chemotropism. At
10 M, however, costunolide caused 68+8 % of germtubes to grow towards the substance

source and the value raised to 76+17 % at 10 M.
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Fig. 1.5 Concentration dependence of O. cumana chemotropism towards costunolide. At higher
concentrations, chemotropism was significantly higher. Means * standard deviation of n=3-6
replications. The same letter indicates that differences are not statistically significant (Tukey
test, p < 0.05).

The ability to induce positive chemotropism was also depending on the distance from the
substance source (Fig. 1.6). Within 2 mm of the substance source, 76x£17 % of germtubes
grew towards costunolide (10* M), while in the outer zone (2-5 mm), only 48+11 %
showed positive chemotropism. For GR24 no significant difference in relation to distance

was detected.
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Fig. 1.6 Distance dependence of O. cumana chemotropism towards costunolide in contrast to
GR24. Germtubes closer to the substance source showed significantly higher chemotropism
percentages towards costunolide (10 M), but not towards GR24 (3.3 x 10°M). Means +
standard deviation of n=5-7 replications. The same letter (capitals for costunolide and lower-
case for GR24) indicates that differences are not statistically significant (Tukey test, p < 0.05).

1.4 Discussion

Germination and chemotropism bioassays confirmed the bioactivity of sunflower STL on

O. cumana germination and showed that they play an important role in chemotropism.

Germination of O. cumana was induced by sunflower seed oil which contained STL that
could be extracted with methanol. These seed STL might not play a role for O. cumana
under field conditions as long as the sunflower seeds are not damaged. However, with the
beginning of sunflower germination and the decrease in concentration of the compounds
in cotyledons (Schmauder 2015), they could be exudated by the growing radicle into the
soil. Sunflower seed oil was not known yet as germination stimulant for O. cumana. It
may be used as a cheap and easily available source for positive controls in O. cumana
germination tests. Sunflower oil did not induce germination of P. ramosa. This is in con-
trast to sunflower root exudates which did induce P. ramosa germination (Fernandez-

Aparicio et al. 2009) and suggests that the oil did not contain heliolactone, a strigolactone
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found in sunflower root exudates particularly after phosphorous or nitrogen starving
(Ueno et al. 2014).

Chemotropism of about 70 % of the O. cumana germtubes was induced by sunflower root
exudate, seed oil extract and the STL reference costunolide, thus corroborating the
potential role of STL as signalling compounds for growth direction. The effect of
costunolide depended on its concentration. This coincided with the decrease of
chemotropic reaction with increasing distance between substance source and seeds which
is due to diffusional effects. A gradient in STL concentration also could explain the
mechanism behind the curvature of germtubes. Sunflower STL have been reported to
inhibit auxin-induced elongation growth (Spring & Hager 1981) and 8-epixanthatin was
found to cause curvature of sunflower hypocotyls when applied unilaterally (Yokotani-
Tomita et al. 1999). The latter could recently be shown for costunolide as well and seems
to be a general feature of o,p-unsaturated-y-lactones (Smith 2018; O. Spring, personal
communication). Hence, a difference in concentration of STL between the host-facing
and the opposite flank of the O. cumana germtube could cause a curvature towards the
host. This hypothesis could be tested in the future by examining the anatomy of curved

germtubes and recording the cell number and size of their flanks.

It was interesting that GR24 did not have a chemotropism-inducing effect. This could be
either because the concentration was high enough to induce germination, but too low to
induce chemotropism, or because GR24 does not have a chemotropism-inducing effect
on O. cumana germtubes. It would be interesting to test the natural strigolactones that
induce germination of other parasitic plants for an additional chemotropism-inducing
effect. GR24 has been shown to stimulate primary root growth in Arabidopsis thaliana
(L.) HEYNH. (Ruyter-Spira et al. 2011) and it is suspected that such strigolactones play a
general role in plant seed germination (Yoneyama et al. 2013). The different biological
function of strigolacones in contrast to STL might explain their difference in
chemotropism-inducing capacity for O. cumana. It remains to be elucidated which plant
natural compounds induce chemotropism in other Orobanchaceae species and if the STL
that only induce germination of O. cumana but not of other parasitic plants could still

have an effect on thegermtubes of other species.

Some of the O. cumana germtubes did not exhibit a chemotropic response. This has also
been observed in Striga chemotropism (Williams 1961) and in O. crenata (Whitney &
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Carsten 1981). It is possible that the tip of the O. cumana germtube, which consists of
smaller cells with dense cytoplasm and large nuclei (Losner-Goshen et al. 1991, Joel &
Losner-Goshen 1994), can also perceive other external stimuli and respond accordingly,
analogously to root tips. Gravitropism does not seem to play a role (Losner-Goshen et al.
1991, Joel & Losner-Goshen 1994), but it is possible that the germtubes grow towards
oxygen, a process called aerotropism or oxytropism (Porterfield & Musgrave 1998),
which would also explain that ca. 60 % of the germtubes grew away from the substrate.

If hydrotropism plays a role remains to be elucidated.
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Chapter 2: Development of O. cumana on susceptible and

resistant sunflowers

Some of the results presented in this chapter (namely those that are presented here in
Fig. 2.3 and Fig. 2.5) are part of the M.Sc. thesis of Patrizia Gurrata (2016) conducted
under my co-supervision.

2.1 Introduction

Resistance is the ability of an organism to withstand unfavourable conditions. In plants
this can be initiated by abiotic stresses such as drought, or biotic stresses like pathogens.
Resistance of host plants to root parasitic plants is often complex and seldom an all-or-
nothing process. The behaviour of a host plant towards a parasitic plant can be
susceptible, tolerant or resistant. On susceptible hosts, the parasite can thrive and
complete its lifecycle, the interaction is compatible. Tolerance describes the phenomenon
when the parasite develops well, yet growth of the host is less affected than might be
expected with the amount of parasites present (ter Borg 1986) or there is no significant
yield loss (Wegmann et al. 1991). A resistant host has the ability to avoid or withstand
parasite attack in a manner that prevents parasite establishment and growth (Timko &
Scholes 2013), so that the interaction is incompatible. Resistance mechanisms against
root parasites of the Orobanchaceae can act on different developmental stages of the
parasite. Pre-attachment resistance mechanisms comprise all mechanisms that allow the
host to avoid or prevent attachment (Timko & Scholes 2013). This includes processes
that reduce the chance of contact between parasite and host, such as a lack of germination
stimulants or deep growing roots, and is also called avoidance (ter Borg 1986). Post-
attachment resistance mechanisms occur once the haustorium has formed and the parasite
attempts to penetrate host root tissues and to connect to the host’s vascular tissue (Timko
& Scholes 2013). This “true resistance’ occurs when the parasite is unable to penetrate
the host or its growth is greatly reduced (ter Borg 1986). There are several phases at which
post-attachment resistance mechanisms can act (Yoshida & Shirasu 2009). Mechanisms
acting from the first contact with the host root until establishment of the vascular
connection are called pre-haustorial, i.e. before a functional haustorium is formed (Pérez-
de-Luque et al. 2009). Nevertheless, the structure of the parasite connecting to and pene-
trating into the host root is usually called haustorium (Joel 2013), regardless of its
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functionality, so this term can be confusing. Post-haustorial mechanisms act once vas-
cular connections are formed and the haustorium is functional (Pérez-de-Luque et al.
2009).

For O. cumana, the currently most severe parasitic threat for sunflower cultivation in S-
and E-Europe as well as N-Africa and Asia, all three types of interaction with host
genotypes have been observed, e.g. in a field experiment in Spain (Fig. 2.1). Susceptible
plants mostly survive, but severely suffer from water and nutrition depletion through the
parasite compared to resistant plants in the same environment (Fig. 2.1 a). Interestingly,
tolerant plants can show nearly no developmental symptoms and yield loss, although their
root system is heavily infested by broomrape (Fig. 2.1 b).

-3, N
¢ e

Fig. 2.1 Interaction types of sunflower with O. cumana in a field experiment near Sevilla
(Spain). a Resistant (left row and background) and susceptible (row 2-5 from the left)
sunflower genotypes. Susceptible sunflowers are heavily infested with O. cumana (arrows point
to flowering shoots, often 20-50 per host plant), so that they are poorly developed and show
signs of wilting. b Tolerant sunflower genotype with attached O. cumana plants in flowering
stage (arrows). Infested host plants were well developed and did not differ in height or biomass
from uninfested plants.

Resistance of sunflower against O. cumana was first observed in Russia in the early 20™
century (for references see Skori¢ et al. 2010, Antonova 2014). It is originally based on
single dominant genes following the gene-for-gene interaction (reviewed by Fernandez-
Martinez et al. 2015, Velasco et al. 2016). However, the use of single dominant genes in
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sunflower breeding poses a great evolutionary pressure on O. cumana populations to
overcome this resistance. Over decades of breeding, at least eight different physiological
races, or so-called pathotypes (‘pathotype’ defined according to Spring et al. 2018), have
developed (Antonova 2014, Fernandez-Martinez et al. 2015). Since the gene-for-gene-
model does not seem to capture the complexity of O. cumana pathotypes anymore, a
3-digit-code was proposed to describe the virulence of an O.cumana population
(Molinero-Ruiz et al. 2015).

Despite intensive research on the genetics of sunflower resistance to O. cumana and
efforts to locate the Or genes for molecular marker-assisted breeding, little is known
about the resistance mechanism elicited by these genes (Pérez-Vich et al. 2013,
Fernandez-Martinez et al. 2015). This accounts even more for the mechanisms which
regulate the interaction of tolerant sunflower genotypes with O.cumana. However,
successful breeding requires knowledge on the biological mechanisms underlying
tolerance and resistance in the O. cumana-sunflower-system. This is why the early stages
of O. cumana development on susceptible, resistant and putatively tolerant hosts were
compared. The used sunflower genotype T35001, an experimental hybrid provided by an
international breeding company, was selected because of its tolerance behaviour for
broomrape observed in field trials in Sevilla, Spain (Fig. 2.1 b). In our laboratory
experiments, however, we did not observe tolerance reactions and, therefore, this

genotype is here addressed as resistant.

2.2 Material and methods

Plant material and cultivation

Sunflower plants were cultivated in a hydroponic root chamber system together with
surface sterilised seeds of O. cumana (for details see chapter 3, p. 48 and Fig. 3.1, p. 49).
Seven sunflower genotypes with different degrees of resistance were tested: Helianthus
annuus HA300, 'Giganteus', L7, OR3, OR4, and OR5 (the latter four were generously
provided by D. Miladinovic, Novi Sad, Serbia), which were expected to be susceptible to
the used O. cumana pathotype G (collected in Russia in 2012), and hybrid T35001
(gratefully provided by L. Hargitay, Hungary), which should be resistant. Five root
chambers were prepared per sunflower genotype to monitor the development of the

parasite. The root chambers were checked weekly under a dissecting microscope for a
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month. The total number of seeds per root chamber was counted, as well as the number
of germinated seeds, attached seedlings, and tubercles. Additional root chambers were

prepared to take samples for microscopy.

To validate the observations on the development of the resistant sunflower genotype
T35001 in comparison to the susceptible HA300, five independent root chamber experi-
ments were performed with three O. cumana pathotypes: pathotype D (collected in China
in 2013, generously provided by D. Ma), pathotype E+ (collected in Spain 2014 by O.
Spring), and pathotype G (collected in Russia in 2012, generously provided by Dr. T.
Antonova and PhD S. Guchetl). For each host-parasite-combination, 4-11 root chambers

were evaluated.

Host (HA300 and T35001) and parasite (pathotypes E+ and G) were grown in pots (10 cm
x 10 cm) in an earth-sand-mixture to observe the later stages of broomrape development.
The plants were either uprooted to count tubercle numbers or they were cultivated for two
months until shoots of O. cumana emerged. Five sunflower plants were grown per host-

parasite-combination. The pot experiment was repeated twice.

Seed vitality test

The vitality of the O. cumana seeds was tested with triphenyl tetrazolium chloride (TTC,
method adapted from Thorogood et al. 2009). Surface sterilised seeds were spread on
Whatman glass fiber filters (diameter 1 cm) and placed in a Petri dish. 300 pl of a 1 %
aqueous TTC solution (Fluka Chemie AG, Buchs, Switzerland) were added to the seeds
on each Whatman filter and the Petri dishes were sealed with parafilm and wrapped in
aluminium foil to stay moist and dark. The samples were incubated for 7 d at 35-37°C.
The testa of the seeds was then bleached with sodium hypochlorite (12 %) for 20-30 min,
until the inner tissues of the seeds were visible. After rinsing the seeds with water, each
Whatman filter was placed onto a glass slide and examined under the microscope. Seeds
with reddish contents were considered vital, whereas seeds with yellow content were

considered dead. Per seed sample, at least 150 seeds were evaluated.

Calculation of germination, attachment and tubercle percentages and statistics

Germination percentages of the seeds in each root chamber were calculated by dividing
the number of germinated seeds by the number of vital seeds (total seed number corrected

to the number of vital seeds as determined by the TTC test). Attachment percentages were
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calculated as the number of attached seedlings divided by the number of germinated
seeds. Tubercle percentages were given as percentages of attached seedlings. The
obtained values were statistically treated (mean value, standard deviation). Graphs were
prepared using Sigma Plot 12.5 (Systat Software Inc.). Analysis of variance (ANOVA)
was conducted on the germination, attachment and tubercle percentages with InfoStat
(Version 2016e, InfoStat Group, University of Cdrdoba, Argentina). Effects were
considered significant if p < 0.05 in the Tukey test.

Microscopy

To compare the interaction of resistant (T35001) and susceptible (HA300) sunflower
genotypes with O. cumana pathotype G, samples were prepared for light- and trans-
mission electron microscopy (TEM). Samples of early interaction stages between host
and parasite were taken from root chambers after 9, 11, 14 and 21 days post inoculation
(dpi). 1-3 mm long pieces of sunflower root with attached O. cumana-seedlings were
dissected and prepared for light- and transmission electron microscopy as described in
chapter 3 (p. 46). Complete longitudinal serial sections of the infected roots and attached
O. cumana seedlings were prepared. Twelve samples were examined for T35001 and
eight samples for HA300.

Additionally, at 14 dpi, fresh whole mount samples of O. cumana seedlings attached to
the host root were examined by fluorescence microscopy (Zeiss filter 05, 395 nm /
440 nm, Zeiss, Gottingen, Germany). A staining with resorcin blue (Chroma, Minster,
Germany) was performed to detect callose. Three samples per host-parasite-combination

were examined.

2.3 Results

Resistance reactions of sunflower against the root parasite O. cumana may occur at each
of the early underground developmental stages of the parasite, as schematically illustrated
in Fig. 2.2. This starts with the absence of induced germination (Fig. 2.2 a), continues
with missing chemotropic signals (Fig. 2.2 b), prevention of attachment (Fig. 2.2 ¢),
inhibition of penetration / haustorium formation (Fig. 2.2 d) and connection to the vascu-
lar bundle (Fig. 2.2 ), and ends with the suppression of tubercle formation or necrosis of
the tubercle (Fig. 2.2 ).
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Fig. 2.2 Diagram of the developmental stages of O. cumana where host resistance mechanisms
can act to hinder further parasite development: a germination, b chemotropism, ¢ attachment,
d penetration, e vascular connection, f tubercle formation. S = O. cumana seed, V = vascular
bundle of the host root, depicted in longitudinal section.

To observe at which of these stages resistance occurs, O. cumana development was
monitored on seven host genotypes, including L7, OR3, OR4, OR5, HA300 and H.annuus
'Giganteus', which were susceptible to the used O. cumana pathotype G, and T35001,

which was resistant.

O. cumana germinated with all tested sunflower genotypes (Fig. 2.3 a). After one week,
seeds had germinated in every root chamber. Seeds continued to germinate during the
second week. When the final germination percentages were compared, there were signi-
ficant differences, although standard deviation was high for all tested genotypes (table
2.1, error bars for the percentages are not shown in Fig. 2.3 due to clarity, but for the
counts given on the right). In five biological replicates, T35001 induced a comparatively
low germination percentage of 37+23 %, but there was high variation within the five root
chambers. To verify if T35001 always induces a lower germination than the susceptible
sunflowers, this experiment was repeated several times with T35001 and HA300 as a
susceptible control. Again, there was high variation, with germination percentages of
54+26 % in root chambers with T35001 (n=19) and 65+22 % for HA300 (n=12).
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Fig. 2.3 Development of O. cumana pathotype G with susceptible and resistant host genotypes.
All sunflowers tested were susceptible, except the resistant T35001. a germination,

b attachment, ¢ tubercle percentages. Numbers indicate the mean value + standard deviation of
the total numbers counted in the root chambers (n=5 root chambers per genotype, except L7
with n=4). Germination percentages were corrected for the amount of vital seeds (87.5 %).
Attachment percentages were calculated as number of attached O. cumana seedlings per number

of germinated seeds. Tubercle percentages are given as number of tubercles per number of
attached seedlings.
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Table 2.1 Germination (germ), attachment (appressoria, app) and tubercle (tub) percentages of
seven sunflower genotypes in root chambers with O. cumana pathotype G. Mean value (2) and
standard deviation (SD) of n=5 root chambers per genotype (n=4 for L7) at three points in time
post inoculation (dpi). Germination percentages were corrected for the amount of vital seeds
(87.5 %). Attachment percentages = attached seedlings / germinated seeds, tubercle percentages
= tubercles / attached seedlings. An ANOVA was performed with the values at the final dpi.
The same letter indicates that differences are not statistically significant (Tukey test, p < 0.05)

genotype dpi germ app tub dpi germ app tub dpi germ app tub
L7(OR) & 9 66 9 0 17 74 11 28 26 74C¢ 17~ 54€
SD 1415 3.06 0 11.49 414 1935 1149 410 8.17
OR3 2 6 48 6 0 16 99 16 3 30 99P 1848 1468
SD 11.24 400 O 9.00 3.03 142 9.00 326 882
OR4 e 7 18 16 0 16 19 27 0 30 194 34¢ 198
SD 425 547 0 343 1015 0 343 1027 8.24
OR5 e 6 45 9 0 16 79 26 6 30 79¢b 278BC gAB
SD 706 516 0 10.79 555 3.62 10.79 6.35 3.39
HA300 g 9 78 12 0 17 79 19 12 26 79¢P 2078 168
SD 2274 292 0 20.35 8.89 15.33 20.35 10.41 15.87
Giganteus ¢ 9 84 4 0 17 99 15 63 26 99P 2148 75D
SD 1748 294 0 849 544 910 849 670 542
T35001 e 7 23 15 0 16 37 21 0 30 378 2148 QA
SD 973 812 0 2288 517 0 2288 517 0

There was no significant difference between the germination percentages of O. cumana
pathotype G with T35001 or HA300. This was confirmed in repetitions with the
O. cumana genotypes D and E+, where germination also occurred in every root chamber,
regardless if the host was the resistant T35001 or the susceptible HA300 (data not shown).

After germination, the attachment of O. cumana seedlings to the host roots was moni-
tored. Some seedlings had already attached to the host root after one week, but the highest
attachment percentages were observed after four weeks (Fig. 2.3 b). The final attachment
percentages ranged from 17+4 % (L7) to 3410 % (OR4). Seedlings in root chambers
with T35001 showed an average value of 21+5 %, similar to the susceptible genotypes
HA300 and 'Giganteus'. Closer examination under a dissecting microscope revealed that
the seedlings did not only touch the host roots by accident, but formed appressoria (as
schematically illustrated in Fig. 2.2 c). A reddish layer was sometimes visible at the
contact point between appressorium and root (e.g. Fig. 2.5), regardless of the host geno-
type. All in all, no difference between the resistant T35001 and the susceptible hosts was
observed at the appressorium stage.
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However, a significant difference was observed at the tubercle stage (Fig. 2.2 f). While
9+3 % (ORS5) to 75+5 % (‘Giganteus') of the appressoria developed into tubercles on the
susceptible sunflower genotypes, no tubercles were found on the resistant sunflower
genotype T35001 at all (Fig. 2.3 c). This was also observed in a repetition of the
experiment with the O. cumana pathotypes D and E+ on HA300 and T35001 roots. While
both pathotypes formed tubercles on HA300 roots, no tubercles were ever observed on
T35001.

The pot experiments that were conducted to confirm these unexpected observations from
the root chambers with T35001 showed the same result (Fig. 2.4). The O. cumana
pathotypes E+ and G formed no tubercles and shoots with T35001 (Fig. 2.4 c¢), whereas

there were ca. 5-10 tubercles per plant in the interaction with HA300 (Fig. 2.4 a, b).

Fig. 2.4 Development of tubercles in pot experiments. a Shoot (arrow) of O. cumana pathotype
G on the susceptible host HA300, b tubercles (arrows) on the roots of HA300, ¢ root system of
the resistant sunflower genotype T35001 without tubercles.
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Fig. 2.5 Light microscopy of O. cumana seedlings on susceptible and resistant hosts 14 dpi,
whole mounts investigated by bright field (a, ¢) and fluorescence microscopy (b, d), identical
sites, respectively. a appressorium (A) on a susceptible HA300 host root (R), inset: the margin
of the appressorium shows a reddish staining (arrowheads); dark perisperm (P) under the testa
(T), b intense autofluorescence of the margin of the appressorium (arrowhead) as well as of the
testa (T) and perisperm (P); host root (R), appressorium (A). ¢ Appressorium (arrowhead) on a
resistant T35001 host root (R); dark perisperm (P) under the testa (T). d autofluorescence of the

margin of the appressorium (arrowhead) as well as of the testa (T) and perisperm (P); host root
(R). scale bars = 100 pm.
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Samples were prepared for microscopy to elucidate why O. cumana could not form
tubercles on roots of the resistant genotype T35001. Whole mount samples of young
O. cumana seedlings attached to susceptible and resistant hosts were compared (Fig. 2.5).
The seedling emerged as a hyaline germ tube from the seed coat (testa) and attached to
the host root with an appressorium. The margin of the appressorium showed a reddish
colouring in both susceptible (Fig. 2.5 a) and resistant (Fig. 2.5 c) interactions. This
reddish colouring was autofluorescent, similar to the testa and the inner tissues of the seed
(perisperm, Fig. 2.5 b, d). No differences were observed between the appressoria of
resistant and susceptible interactions. A resorcin blue staining revealed no callose at the
penetration site of haustoria in the resistant interaction (data not shown).

The development of haustoria in the susceptible interaction was examined by light
microscopy (Fig. 2.6). After penetration of the rhizodermis and cortex (Fig. 2.6 a), the
haustorium connected to the vascular tissue of the host (Fig. 2.6 b). After three weeks,
small tubercles with extensive connection to the host’s vasculature had developed
(Fig. 2.6 ¢).

Fig. 2.6 Light micrographs of compatible interactions demonstrating haustoria and a tubercle on
a susceptible host root. a A haustorium (H) penetrating the host root (R); 11 dpi, xylem (Xy),
scale bar = 50 um. b A haustorium (H) reaching the vascular bundle; 11 dpi, host root (R),
xylem (Xy), scale bar = 50 um. ¢ A haustorium has formed a connection to the host vascular
bundle and formed a tubercle (T); 21 dpi, host root (R), scale bar = 100 um. Longitudinal
sections, H. annuus HA300 with O. cumana pathotype G.
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In contrast, tubercle formation was never observed on the roots of the resistant sunflower
genotype T35001 (Fig. 2.7). Haustoria penetrated the rhizodermis and cortex, but never
reached the vascular bundle of the host root (Fig. 2.7 a, b, €). No cytological reactions
were observed in the cortex cells within the first phase of penetration. Ultrastructural
investigations using transmission electron microscopy revealed no fortifying structures,
such as cell wall thickening or callose deposition. Later on, the cortex cells showed signs
of degeneration with bacteria inside the cells (Fig. 2.7 c) and ruptured cell walls
(Fig. 2.7 f). The haustorial cells also showed signs of degeneration such as inverse

contrast in the cytoplasm (Fig. 2.7 f, ).

Fig. 2.7 Light- and electron micrographs of incompatible interactions. a Two haustoria (H)
penetrating the cortex of the host root (R); 21 dpi, xylem (Xy), light micrograph, scale bar =

50 um. b A haustorium (H) penetrating the cortex but not reaching the xylem (Xy) of the host;

9 dpi, host root (R), light micrograph, scale bar = 50 um. ¢ Transmission electron micrograph of
a serial section near b. Tip of the haustorium (H) in contact with a host root cell (R), bacteria
were present in the root cortex cell (arrow); scale bar = 10 um. d Detail of c; bacteria
(arrowheads), scale bar =5 um. e A haustorium penetrating the rhizodermis of the host root
(R); 21 dpi, light micrograph, scale bar = 50 pm. f Transmission electron micrograph of a serial
section near e. Two cells of the haustorium (H) showing signs of degeneration with highly
contrasted nuclei (white arrowheads) and inverse contrast of the cytoplasm; nucleus in vital
haustorial cell (black arrowhead), broken host root (R) cell wall (arrow), scale bar = 10 pum.

g Detail of f; Degenerated cytoplasm of the haustorial cell showing inverse contrast; scale bar =
5 um. Longitudinal sections, H. annuus T35001 with O. cumana pathotype G.
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2.4 Discussion

There are several decisive steps that O. cumana has to undergo in order to successfully
parasitise its host: germination, chemotropism, attachment, penetration, connection to the
vascular bundle and tubercle formation (Fig. 2.2). This means that early resistance
mechanisms of sunflower can act at each of these steps. The aim of this study was to
elucidate at which point of the O. cumana life cycle resistance mechanisms of the

sunflower genotype T35001 act.

O. cumana germination was induced by all seven sunflower lines tested in this study and
no correlation to the resistance or susceptibility of the host was observed. So apparently
all tested genotypes produce and exudate the germination stimulants for O. cumana.
These have been identified as sesquiterpene lactones (STL) that act at very low
concentrations (Joel et al. 2011, Raupp & Spring 2013). Another germination stimulant
that was found in sunflower root exudates is heliolactone (Ueno et al. 2014). Broomrape
resistance of sunflower due to a lack of exudated germination stimulants has been
repeatedly discussed as a goal for sunflower breeding (Wegmann 1986, Pérez-de-Luque
et al. 2009, Pérez-Vich et al. 2013). However, to our knowledge, no such sunflower
genotypes have been developed so far. STL play important physiological roles in photo-
tropism and communication in the rhizosphere (as reviewed by Padilla-Gonzalez et al.
2016). It is thinkable that STL are so important for sunflower physiology and interaction
with the environment, that finding genotypes that do not exudate STL is unlikely.

In the seven studied sunflower genotypes, the amount of exudated STL does not seem to
differ significantly, since they all induced germination of O. cumana seeds. This is in
accordance with studies of M. Schadlich (2013), who determined the amount of the four
known germination-inducing STL dehydrocostus lactone, costunolide, 8-epixanthatin
and tomentosin in the root exudates of nine sunflower genotypes. Despite some
differences in the detected STL, the amounts were sufficient in all root exudates to induce
germination of O. cumana seeds (Schadlich 2013, Krupp 2014). The independence of
germination induction from the susceptibility or resistance of a host was also confirmed
in other studies. Dorr et al. (1994) and Echevarria-Zomefio et al. (2006) observed no
significant difference in the germination percentages of a susceptible and a resistant
sunflower genotype. Véronési et al. (2005) studied germination of four O.cumana
populations on root exudates of seven sunflower genotypes (totally susceptible and OR1-
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OR®). Interestingly, there were no significant differences within the O. cumana popula-
tions, but within the sunflower genotypes. Nevertheless, all sunflowers induced
germination. Labrousse et al. (2001) observed differences in the germination dynamics
of O. cumana seeds induced by root exudates of three sunflower genotypes at different
ages. While germination percentages induced by the exudates of the susceptible genotype
and one of the two resistant genotypes reached a maximum at week 5, there was a decline
for the second genotype after week 2. The maximum germination percentage of the
resistant genotypes was lower, but with 35% of the seeds still considerable (Labrousse et
al. 2001). Evaluation of 90 recombinant inbred lines between a resistant (LR1) and a
susceptible (HA89) sunflower parent revealed nine lines whose root exudates did not
induce germination (Labrousse et al. 2004). However, these results were not obtained
from co-cultivation of host and parasite in a root chamber, but using root exudates, which
poses the risk of over- or under-concentration of germination stimulants. Over-concentra-
tion of germination stimulants, so that they have an inhibiting rather than an inducing
effect (Raupp & Spring 2013), or the exudation of compounds toxic to O. cumana would
be another possibility to avoid germination, but no such phenomenon has been described
yet. As in the cited studies, germination was not the limiting factor for resistance in the

current study.

After germination, O.cumana seedlings need to grow towards the host root for
attachment. This is caused by chemotropism (see chapter 1, p.17) and was poorly
understood up to date (Joel & Bar 2013). Comparison of the attachment percentages of
O. cumana seedlings on the roots of the resistant T35001 with those on the susceptible
sunflower roots revealed no striking difference in the conducted experiments. So the
ability to find the host root does not seem to be impaired, indicating that the chemotropism
inducing compounds are present in susceptible and resistant sunflower genotypes as well.

Attachments have been observed also on other resistant sunflower roots (Dorr et al. 1994,
Labrousse et al. 2001, Echevarria-Zomefio et al. 2006). So germination, chemotropism
and attachment of O. cumana do not seem to be the crucial developmental processes that

are targeted by resistance mechanisms (Fig. 2.2 a—c).

The first striking differences between the resistant and susceptible interaction were
observed during the haustorium and tubercle formation (Fig. 2.2 d—f). Once the seedling

has attached to a resistant host root, it can theoretically be stopped in every tissue of the
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root by a pre-haustorial resistance mechanism. A stop at the rhizodermis with no
penetration into the root has previously been observed, yet the underlying mechanism has
not been unravelled (Krupp 2014). On the resistant host roots, O.cumana formed
appressoria that were attached to the host root with a layer that sometimes had a reddish
colour and showed auto-fluorescence. This phenomenon was observed on susceptible and
resistant sunflowers and seems to be a general feature of O. cumana appressoria and not
a reaction of the host root. A change in the cytology of the rhizodermis was not observed
(Krupp 2014). In the resistant sunflower roots of the current study, haustorium formation
stopped in the cortex, although typical cytological resistance mechanisms could not be
observed. An encapsulation of the haustorium by an isolation layer in the root cortex has
been reported for O. cumana (Dorr et al. 1994, Labrousse et al. 2001). Also other cell
wall changes have been described to block further intrusion of parasitic cells such as a
thickening of the host cell walls by suberization and protein cross-linking (Echevarria-
Zomefio et al. 2006). However, in this study, the cortex cell walls did not show
ultrastructural changes and no isolation layer was formed. Instead, a degeneration of
haustorium cells was observed, corresponding to browning and necrosis of the seedling.
Bacteria were present in some surrounding host cortex cells, which Dorr et al. (1994) also
observed in incompatible sunflower-O. cumana-interactions. Bacteria are residents of the
rhizosphere and may colonise the dead cortex cells, but it seems unlikely that they play
an active role in destroying them, especially because they were mainly observed in older
samples. Also in the cell walls of O. cumana seedlings on susceptible hosts, bacteria have
been described (Joel & Losner-Goshen 1994). Nevertheless, the parasitation behaviour
was not influenced by the presence of bacteria, as experiments under sterile conditions
have shown (Joel & Losner-Goshen 1994, Losner-Goshen et al. 1998).

In other root parasitic plants, such as O. crenata and Striga spp., the endodermis has been
reported as an important barrier (Pérez-de-Luque et al. 2007, Yoshida & Shirasu 2009).
In the sunflower-O. cumana-interaction, the cortex seems to play the more important role
(Dorr et al. 1994, Echevarria-Zomerio et al. 2006, Sisou et al. 2019).

Resistance reactions have also been reported after the parasite has connected to the
vascular tissues (Fig. 2.2 e). Vessel occlusion by callose (Letousy et al. 2007) or a gum-
like substance (Labrousse et al. 2001) were observed, as well as xylem vessel occlusion
by lignin, possibly due to peroxidase activities of the parasite (Antonova & ter Borg

1996). Also necrosis of tubercles (Fig. 2 f), i.e. a post-haustorial resistance reaction, has
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been described (Labrousse et al. 2001, Eizenberg et al. 2003a, b), although it is not clear
yet why the tubercles die off. However, in the experiments with T35001, the haustorium

never reached the vascular bundle and no tubercles were formed at all.

It was unexpected that in the experiments of the current study, the putatively tolerant
genotype T35001 showed true resistance. Reasons for this reaction remain unclear.
Temperature has been described to affect broomrape resistance in sunflower as well as
O. cumana virulence (Eizenberg et al. 2003a, b). It is possible that at the moderate tempe-
ratures in the climate chamber experiments compared to the conditions in the field,
O. cumana metabolism was not active enough to overcome the resistance mechanisms of
T35001.

The pre-haustorial resistance mechanisms observed in this study acted in the root cortex
and hindered further penetration of the haustorium towards the host’s vascular bundle.
There are two theoretical possibilities in which the studied resistant sunflower genotype
could stop parasite growth in its cortex: Firstly, by hindering the ability of the parasite to
grow further, or secondly, by poisoning the intruding parasite cells.

The first possibility takes into account the complexity of the host-parasite-interaction
concerning penetration. Pectolytic enzymes excreted by the parasite dissolve the middle
lamellae of host cells and allow the parasite to penetrate into host tissues (Losner-Goshen
et al. 1998). How the parasite accomplishes this without triggering defence reactions of
the host is still unknown, but surely requires a balanced signalling between host and
parasite. Once this balance is lost and the parasite is detected by the host, resistance
mechanisms such as inhibitors of these pectolytic enzymes can be launched (Véronési et
al. 2005, Honiges et al. 2008). Whether this was the case in the resistance reaction

observed in this study remains unclear.

As for the second possibility, parasite cells could be poisoned by a substance that was not
detectable by its fluorescence. Phytoalexins such as coumarins (e.g. scopoletin) were
described to play a role in resistance reactions of sunflower to O. cumana (Serghini et al.
2001, Sauerborn et al. 2002) and an accumulation of toxic phenolic compounds was
observed around the haustorium (Echevarria-Zomefio et al. 2006). In this study though,
no toxic phenolic compounds were observed by fluorescence microscopy. Necrosis of the
intruding parasite cells could also be induced by a toxic peptide similar to the described

sunflower defensin HaDefl (de Zélicourt et al. 2007). The sunflower defensin-like
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peptide HaDefl was identified to induce necrosis of O. cumana seedling apices (de
Zélicourt et al. 2007) and over-expression of the encoding gene in the resistant sunflower
genotype LR1 was correlated to necrosis of O. cumana tubercles (Letousy et al. 2007, de
Zelicourt et al. 2007). Further experiments would be necessary to test the involvement of

defensins in the observed resistance reaction.

All in all, the differences in the interaction of T35001 with O. cumana compared to
previously described incompatible combinations indicate that sunflower resistance to
broomrape is based on a wide variety of mechanisms. This makes a broader screening
necessary and will require additional technigques such as immuno-histological methods or

expression studies with tissues of the host-pathogen-interface.
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Chapter 3: Development of the phloem connection between

O. cumana and its host

The content of this chapter was published in:

Krupp, A., Heller, A. & Spring, O. (2019) Development of phloem connection between the
parasitic plant Orobanche cumana and its host sunflower. Protoplasma 256: 1385-1397

3.1 Introduction

The most important structure in the early development of Orobanchaceae species is the
haustorium, the organ which functions as anatomical and physiological bridge between
parasite and host (Attawi 1977, Joel 2013, Yoshida et al. 2016). To gain access to the
host’s water and nutrient supplies, the haustorium needs to connect to the host’s vascular
tissues, i.e. Xylem and phloem. Studying the connection between the vascular systems of
haustoria and host roots poses some difficulties since host and parasite tissues are tightly
intermingled. New cells are formed not only by the parasite but also by the host and cell
shapes often differ from their typical form (Dorr & Kollmann 1974, Dorr 1990, Dérr et
al. 1994, Joel 2013, Spallek et al. 2017). This means that phloem in haustoria can often
only be detected by means of transmission electron microscopy (TEM). Another
difficulty is the identification of a cell as either belonging to the host or the parasite. This
has been achieved in the past with the use of ultrastructural cell markers such as spherical
particles in the cytoplasm (Dorr & Kollmann 1974), sieve-element plastids, mitochondria
and P-protein (Dorr et al. 1979, Dorr & Kollmann 1995). Ultrastructural investigations
in haustoria of Orobanchaceae species thus revealed great variation between different
species in the mode of phloem connections. Phloem in terminal haustoria of A. vogelii
was separated by parenchyma from the host phloem (Dorr et al. 1979). In lateral haustoria
of P. ramosa, phloem connection via a plasma-rich contact cell was found (Dorr &
Kollmann 1975), whereas fully differentiated sieve elements between O. crenata and
Vicia narbonensis L. were directly symplastically connected via an interspecific sieve
plate with open sieve pores (Dérr & Kollmann 1995). Phloem cells in the haustorium of
Phelipanche aegyptiaca (PERs.) POMEL were shown to retain nuclei (Ekawa & Aoki
2017), while no phloem was detected in terminal haustoria of Striga hermonthica
(DELILE) BENTH. and Striga asiatica (L.) KunTzE (Ba 1988, Dorr 1997). This variability
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in phloem systems of haustoria shows that punctual observations cannot be generalised
for all Orobanchaceae species.

In O. cumana, light microscopic investigations showed that parasite cells get into close
contact with the host phloem (Labrousse et al. 2010), but the ultrastructural nature of this
contact was not studied. Therefore, to gain a greater understanding of the biology of this
economically important parasite, a thorough ultrastructural study of phloem development

during haustoria, tubercle and shoot establishment was conducted.

3.2 Material and methods

Plant material and cultivation

Sunflower, Helianthus annuus HA300, was cultivated in a climate chamber at 25°C with
a 14 h day / 10 h night illumination cycle. Plants were grown hydroponically in a root
chamber system (Fig. 3.1, compare also Pérez-de-Luque et al. 2005, Echevarria-Zomefio
et al. 2006) to follow the development of O. cumana tubercles for about three weeks, and
in pots (10cm x 10cm) in an earth-sand-mixture for two months until shoots of

O. cumana emerged.

Sunflower achenes were moistened for one to two days, peeled and grown on wet filter
paper at 25°C. Seedlings with a root length of 2-3 cm were placed in the root chamber
between lid and filter paper. The root chambers were made out of sterile Petri dishes
(diameter 9 cm) filled with perlite and covered with a wet filter paper (both heat sterilised
at 150°C for 2 h) with 1 cm wide holes cut into the upper side of the lid and bottom
(Fig. 3.1). The lids were fixated with adhesive tape and the Petri dishes placed vertically
in a box. Each chamber was irrigated individually, so that the perlite stayed moist but

without excess water collecting in the box.

Seeds of O. cumana, pathotype (physiological race) G, collected in 2012 in Russia (kindly
provided by Dr. T. Antonova and PhD S. Guchetl), were surface sterilised according to
Conn et al. 2015 (modified). The seed were treated with 70 % ethanol for 1 min, 3.6 %
sodium hypochlorite solution in 0.1 % Tween 80 for 3 min and 30 s in a supersonic bath,
followed by 0.01 M hydrochloric acid for 10 min. After each step, seeds were rinsed

thoroughly with deionised water.
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Inoculation was performed after four to five days, once the sunflower roots reached a
length of approximately 6 cm. Surface sterilised O. cumana seeds (about 300 seeds per
host plant) were placed with a thin spatula on the filter paper of the root chambers within
a distance of ca. 2 mm from the roots. For the potted plants, five-day old seedlings were
inoculated with a pinch of non-surface sterilised seeds of O.cumana, pathotype E+,

collected in Spain 2014, in the planting hole.

W
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.

Fig. 3.1 Root chamber cultivation system. a Diagram of the root chamber setup: 1 — lid of Petri
dish, 2 — surface sterilised seeds of O. cumana, 3 — sunflower plant, 4 — filter paper, 5 — perlite,
6 — bottom of Petri dish. b Root chamber with a 12 d old sunflower plant and seeds of

0. cumana (arrowheads) placed near the sunflower roots; inset: tubercle (T) of O. cumana, the
host root is thickened above the tubercle (asterisk); seed coat (arrowhead), scale bar = 500 pum.

Sample preparation for light- and transmission electron microscopy

Three weeks after inoculation, parasitised sunflower roots were dissected with a razor
blade 2 mm above and below the tubercle. For control samples, 12-day old non-infected
sunflower roots, 2-3 mm in length, were taken. Sunflower hypocotyl of four-day old
seedlings and young O. cumana shoots (62 dpi) were cut longitudinally into segments of

1-2 mm length.
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For xylem identification, fresh samples of young tubercles were stained by fixing the
tissue in ethanol / acetic acid (75 % / 25 %) for 15 min, washing in 0.1 M sodium phos-
phate buffer (pH 7.2) and incubating in 0.1 % Safranin-O (Chroma, Kéngen, Germany)
for 5 min at 90°C. After cooling to room temperature, samples were washed in buffer and

cleared in chloral hydrate for two days.

For serial sectioning, the samples were fixed in 2.5 % glutaraldehyde in 0.1 M sodium
phosphate buffer (pH 7.2) for at least 1 h, washed with buffer and postfixed in 1 %
osmium tetroxide in 0.1 M sodium phosphate buffer for 1 h. Subsequently, the samples
were washed in distilled water and dehydrated using the progressive lowering
temperature technique (1-2 h in 30 % ethanol at 0°C, 1-2 h in 50 % ethanol at -20°C,
overnight in 70 % ethanol at -35°C, 1.5 h in 100 % ethanol at -35°C). After adjusting to
room temperature, the samples were infiltrated with LR-White resin (Science Service,
Munich, Germany) in three steps (50 %, 75 % and 100 % LR-White in ethanol for 3 h,

respectively) and polymerised in gelatine capsules at 60°C for 24 h.

Careful trimming and serial sectioning of the samples was necessary to locate the
connecting tissues in the tubercles and the phloem in sunflower roots, hypocotyl and
O. cumana shoots. Longitudinal and cross sections were prepared using an ultratom
(Ultracut UCT, Leica, Wetzlar, Germany) with a diamond histo knife (Diatome ultra 35°,
Science Service, Munich, Germany). Semithin sections (1 pum) were collected on glass
slides, stained for 1 h with 0.05 % Toluidine blue (Merck, Darmstadt, Germany) and
investigated with an Axioplan microscope (Zeiss, Gottingen, Germany) coupled to a
digital camera (Leica DCM 2900, Wetzlar, Germany).

Semithin sections containing phloem of O. cumana shoots were stained for starch using

potassium triiodide according to Lugol (Ruzin 1999).

Ultrathin sections of about 80 nm thickness were collected on Pioloform-carbon-coated
copper or nickel grids and stained for 10 min with uranyl acetate and for 90 s with lead
citrate. They were examined using an EM 10 transmission electron microscope (Zeiss,
Oberkochen, Germany). Photos were taken with a digital camera (Megaview I, Soft
Imaging System, Minster, Germany) or by 8 x 9 cm TEM negatives, which were digitised
with an Epson Perfection 2450 scanner. Photoshop CC 2015.5 (Adobe systems, San Josg,

CA, USA) was used to adjust brightness, contrast and white balance of the micrographs.
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Several transmission electron micrographs were merged using the “Photomerge” function

of Photoshop to obtain larger overview images.

Sieve-element plastid size measurement and statistics

Size (length and width) of sieve-element plastids of H. annuus roots (n=29), O. cumana
shoots (n=15) and tubercles (n=24) was measured on transmission electron micrographs
(Adobe Photoshop CC2015.5) and statistically treated (mean value and standard
deviation). Analysis of variance (ANOVA) was conducted on the plastid length and width
with InfoStat (Version 2016e, InfoStat Group, University of Cordoba, Argentina). Effects

were considered significant if p < 0.05 in the Tukey test.

3.3 Results

A special root chamber cultivation system was used to obtain samples of the host-parasite
complex (Fig. 3.1). Due to the intermingled tissue organization between the O. cumana
haustorium and the H. annuus root, the phloem connection was difficult to localise.
Therefore, first the phloem anatomy and ultrastructure of sunflower roots and broomrape
tubercles were investigated independently to identify differentiating features which could

allow assignment in the interaction zone.

The phloem in sunflower roots was aligned with the xylem in the vascular bundle
(Fig. 3.2 a), thus corresponding to the anatomy of a typical dicotyledonous root showing
star-shaped central xylem with two or four rays and phloem patches in between
(Fig. 3.2 b). The cell types of the phloem, i.e. sieve-tube elements, companion cells and
phloem-parenchyma cells, could be distinguished ultrastructurally. Sieve-tube elements
of sunflower (hereafter abbreviated as sieve elements) contained plastids with
characteristic starch inclusions, round mitochondria, a sieve plate with callose-lined sieve
pores and filamentous P-protein (Fig. 3.2 ¢). There was no difference in the ultrastructure
of sieve elements of roots and hypocotyl.

In the O. cumana haustorium and tubercle, the vascular arrangement was more complex
(Fig. 3.3). In whole mount samples, phloem was not detectable, but strands of xylem
connected tubercle and haustorium to the host xylem (Fig. 3.3 a). In serial sections of a
somewhat larger tubercle, sieve elements were identified ultrastructurally and marked red

on the adjacent semithin sections (Fig. 3.3 c—€). Single strands of phloem meandered
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spirally through the tubercle without association to the xylem strands. Based on this
observation, a sketch of the phloem arrangement in host and parasite was constructed
(white lines in Fig. 3.3 b).

Fig. 3.2 Position and characteristics of phloem in sunflower host roots. a Sieve elements
(arrows) in the vascular bundle; xylem (Xy), light micrograph, longitudinal section, scale bar =
50 um. b Vascular bundle with four strands of phloem (arrows) around the xylem (Xy); light
micrograph, cross section, scale bar =50 pm. ¢ Sieve elements of H. annuus (SE H.a.) with
typical sieve-element plastids (arrowheads), round mitochondria (asterisks), filamentous
P-protein (thin arrows) and sieve plate (SP) with callose-lined sieve pores (bold arrows);
transmission electron micrograph of a longitudinal section, scale bar = 1 um.

The ultrastructure of sieve-tube elements in O. cumana tubercles and shoots revealed all
typical features of angiosperm sieve elements (Fig. 3.4): lack of nuclei and vacuoles, sieve
plates with sieve pores that were evenly lined with callose (Fig. 3.4 b, d, h and i, arrows),
round mitochondria (Fig. 3.4 a, asterisks), filamentous P-protein (Fig. 3.4 h, thin arrows)
and typical sieve-element plastids (Fig. 3.4 a, b, c, e, f, g, i and j). Sieve-element plastids
of O. cumana contained starch inclusions which could be verified by the classical iodine
staining. Starch grains in sieve-element plastids appeared reddish black, whereas in the
proplastids of parenchymatic cells they stained bluish black (Fig. 3.4 j). The density of
the sieve-element plastid matrix varied between the developmental stages: in tubercles,

the matrix usually was transparent (Fig. 3.4 a—c), whereas in the shoot it ranged from
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transparent to grainy (Fig. 3.4 e—g). The number of starch inclusions in one section ranged
from one to about six. The inclusions had a symmetric granulous appearance with uneven
edges (e.g. Fig 4 b and g) and differed from the amorphous ultrastructure of amyloplast
starch (Fig. 3.4 a, black arrowheads) or the homogenous inclusions found in proplastids
(Fig. 3.4 e and j, black arrowheads), which were the other plastid types found in

O. cumana tissues.

a

Fig. 3.3 Arrangement of phloem and xylem in haustoria and tubercles of O. cumana. a Whole
mount of an O. cumana tubercle (T) on an H. annuus root (R). Xylem (Xy) is stained dark red.
Single xylem strands (white arrows) connect root and tubercle via the haustorium (H). Host
xylem is more abundant upstream of the haustorium (asterisk). b Sketch (white lines) of phloem
(Ph) in the host root and single phloem strands in the tubercle (black arrows). c—e Serial
sections of a tubercle (T) and haustorium (H) on the host root (R). Sieve elements, identified
ultrastructurally on adjacent ultrathin sections, are marked red. Light micrographs of
longitudinal sections, scale bars = 100 pm.
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Fig. 3.4 Sieve elements of O. cumana tubercles and shoots. a—h Transmission electron micrographs.

a Sieve elements (SE O.c.) in the tubercle with typical sieve-element plastids (white arrowheads); sieve
plates (arrows), amyloplasts (black arrowheads) in parenchyma cell, scale bar = 10 um. b—d Tubercle
sieve-element plastids (white arrowheads) and sieve plates (SP) with sieve pores (bold arrows); P-protein
(thin arrow), scale bars = 1 um. e Sieve elements (SE O.c.) in the shoot with sieve-element plastids
(white arrowheads) and sieve plates (arrows); proplastids (black arrowheads) in parenchyma cells, scale
bar = 10 um. f—g Shoot sieve-element plastids (white arrowheads); scale bars = 1 um. h Sieve plate (SP)
with typical callose (white) around the sieve pores (bold arrows); P-protein (thin arrows), scale bar =

1 pm. i—j Light micrographs of phloem in the shoot; sieve-element plastids (white arrowheads),
proplastids (black arrowheads) in parenchyma cell, sieve plate (arrow), scale bars = 10 pm. i Toluidine
blue staining. j Lugol’s iodine staining.
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Sieve-element plastids of O. cumana and H. annuus were significantly different in size,
plastids of O. cumana being larger than those of H. annuus (Fig. 3.5 a). They also showed
differences in ultrastructure. The typical plastids of H. annuus had a round shape and
contained numerous large starch inclusions (Fig. 3.5 b), whereas those of O. cumana

often had a more irregular shape and contained fewer starch inclusions that were often

smaller (Fig. 3.5 ¢).
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Fig. 3.5 Size and ultrastructure of sieve-element plastids of H. annuus and O. cumana. a Sieve-
element plastid length (grey) and width (white); means + standard deviation. The same letter
(capitals for length and lowercase for width) indicates that differences are not statistically
significant (Tukey test, p < 0.05). b Transmission electron micrograph of an H. annuus sieve-
element plastid. ¢ Transmission electron micrograph of an O. cumana sieve-element plastid;

scale bars =1 pum.

Direct sieve element connections between host and parasite could be identified by their
typical sieve-element plastids (Fig. 3.6, Table 3.1), although at connection sites between
haustorium and root, parasite and host tissues were intermingled and their origin was very
difficult to distinguish by their position or shape. Therefore, a series of micrographs with
increasing magnification was used to follow the route of the phloem (shown in Fig. 6-8).
Haustorial sieve elements of O. cumana were narrow and elongated (Fig. 3.6 c). Due to
their winding arrangement in the tubercle, the sieve tubes were often not sectioned
longitudinally and appeared isodiametrical or irregular in shape in the outer parts of the

haustorium (Fig. 3.6 ¢, upper sieve elements). Haustorial sieve elements showed the same
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ultrastructure as in the tubercle and had irregularly-shaped plastids with a transparent
matrix and few starch inclusions (Fig. 3.6 d—e).

Sieve elements of H. annuus and O. cumana were connected by interspecific sieve plates
(Fig. 3.7). The sieve plates showed more callose around the sieve pores on the host side
(Fig. 3.7 c and e). This phenomenon could also be observed at sieve plates between fully
differentiated host and developing parasite sieve elements (Fig. 3.7 d and f). In contrast,
pores in sieve plates of H. annuus sieve elements (Fig. 3.2 c) and that of O. cumana

(Fig. 3.4 d and h) were evenly lined with callose.

The development of the phloem connection between host and parasite could be observed
in serial sections (Fig. 3.8). Parenchymatic haustorial cells still containing a nucleus,
vacuoles and dense cytoplasm were connected to fully differentiated host sieve elements
(Fig. 3.8 c—d) via callose-lined pores that resembled those in interspecific sieve plates

between fully differentiated sieve elements (Fig. 3.8 f—g).

Host and parasite showed cell proliferation. At the contact site, the host root was
thickened above the tubercle (Fig. 3.1 b, inset) and showed more xylem vessels (Fig. 3.3
a-b). Near the haustorium, the number of sieve elements of the host root was increased
(Fig. 3.8 1).

Table 3.1 Traits used to distinguish H. annuus from O. cumana sieve elements (SE). Sieve-
element plastid size is given in um, means + standard deviation, n=29 for H. annuus, n=41 for
O. cumana

trait H.annuus O.cumana shownin

1.57+0.24 x  2.94+0.70 x
1.2840.19  2.16+0.43
often more  Fig. 3.2 ¢, Fig. 3.4 Db, ¢, f, g,
irregular Fig. 3.5b,c, Fig.3.6d, e

Fig. 3.2 ¢, Fig. 3.4 b, c, f, g,

size of SE plastids Fig.3.5a

shape of SE plastids round

number of SE plastid
numerous few

starch inclusions Fig. 3.5b,c, Fig.3.6d, e
size of SE plastid starch larae usually Fig. 3.2 ¢, Fig. 3.4 Db, c, f, g,
inclusions g smaller Fig. 3.5b,c, Fig.3.6d, e

| ition at : .
callose deposition a more less Fig. 3.7¢e,f,Fig. 3.8d, g

interspecific sieve plate
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Fig. 3.6 Direct sieve-element connection between the host and the parasite. a Light micrograph of an

0. cumana tubercle (T) and haustorium (H, longitudinal section) in a host root (R, cross section); scale
bar = 100 um. b Detail of a, showing the haustorium (H) and the vascular bundle of the host root; xylem
(Xy), phloem (Ph), scale bar = 50 um. ¢ Transmission electron micrograph of the haustorial sieve-
element connection (serial section 1 (CC O.c.); plasmodesmata (white arrow), sieve-element plastid
(white arrowhead), roundish mitochondria (M), sieve-element reticulum (asterisk), scale bar = 1 um.

e Detail of c. Sieve elements of H. annuus (SE H.a.) and O. cumana (SE O.c.) with their typical plastids
(arrowheads) are connected via sieve pores (black arrow). In the upper half, the sieve plate (SP) is cut
tangentially and shows typical callose (white) around the sieve pores (black arrows); scale bar =5 pm.
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8

SE

Fig. 3.7 Interspecific sieve-plate ultrastructure. a Light micrograph of an O. cumana tubercle (T) and
haustorium (H, longitudinal section) in an H. annuus host root (R, cross section); scale bar = 100 pm.
b Detail of a, showing the haustorium (H) and the vascular bundle of the host root; xylem (Xy), phloem
(Ph); scale bar = 50 um. ¢ Transmission electron micrograph (serial section near b) of the haustorial
sieve element (SE O.c.) in direct contact with a host sieve element (SE H.a., transversally cut); typical
host sieve-element plastids (black arrowheads), typical sieve-element plastids of O. cumana (white
arrowheads), companion cell (CC O.c.), scale bar =5 um. d Transmission electron micrograph (serial
section near b) of a developing haustorial sieve element (O.c.) in contact with a fully developed sieve
element of the host (SE H.a.) and a sieve element of O. cumana (SE O.c.); sieve-element plastids of

O. cumana (white arrowheads), sieve-element plastids of H. annuus (black arrowheads), scale bar =

5 um. e Detail of c. The interspecific sieve plate showing more callose (arrows) on the host side; P-
protein (PP), scale bar = 1 um. f Detail of d. A developing haustorial sieve element (O.c.) in contact with
a fully developed sieve element of the host (SE H.a.). Sieve plate with more callose (arrow) on the host
side; sieve-element reticulum (asterisk), sieve-element plastids (black arrowheads), scale bar = 1 um.
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Fig. 3.8 Development of the sieve element connection between host and parasite. a Light micrograph of
an O. cumana tubercle (T) and haustorium (H) in an H. annuus host root (R); longitudinal section, scale
bar = 100 um. b Detail of a. Haustorium (H) in the host root (R); scale bar = 50 um. ¢ Transmission
electron micrograph of a serial section near b showing the connection between a parenchymatic

0. cumana cell (O.c.) to a fully differentiated H. annuus sieve element (SE H.a.); nucleus (Nu), sieve-
element plastids of H. annuus (black arrowheads), scale bar = 10 um. d Detail of c. Interspecific sieve
plate development between a parenchymatic O. cumana cell and an H. annuus sieve element (SE H.a.)
with more callose on the host side (arrows); sieve-element plastids (black arrowheads), scale bar = 1 um.
e Light micrograph, detail of a serial section near a. Haustorium (H) in contact with the host root (R)
phloem (Ph); scale bar = 50 pm. f Transmission electron micrograph of a serial section near e. Direct
connection between O. cumana sieve elements (SE O.c.) and H. annuus sieve elements (SE H.a.); sieve-
element plastids (arrowheads), scale bar = 10 um. g Detail of f. Fully developed interspecific sieve
plates; O. cumana sieve elments (SE O.c.), H. annuus sieve element (SE H.a.); sieve pores with more
callose on the host side (arrows), sieve-element plastids (arrowheads), scale bar = 5 pum.
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3.4 Discussion

A functioning phloem connection is of utmost importance for the survival of an annual
holoparasite such as O. cumana, which has to complete its lifecycle in a short period of
time strictly by means of nutrients acquired from its host. Such a massive translocation
of nutrients requires an effective transport route, i.e. an efficient connection to the host’s
phloem. Contrary to xylem, which is easily visible under the light microscope due to its
characteristic wall thickenings that can be stained with various techniques (for example
Musselman & Dickison 1975, Zhou et al. 2004, Bar-Nun et al. 2008, Spallek et al. 2017),
phloem is much more difficult to detect. This is especially true for the haustorium-host
root-complex, because both host and parasite show cell proliferation, tissues are
intermingled and phloem is arranged spirally without association with the xylem. The
sieve-element plastid was used as an ultrastructural cell marker to trace the exact

connection point between foreign sieve elements.

Sieve-element plastid ultrastructure has been used as a taxonomic tool since the 1970s
(Behnke 1981). The inclusions in these plastids can be protein, protein and starch, or just
starch, resulting in a classification system of P-type (with several subtypes and forms) or
S-type plastids, where no forms have been defined (Behnke 1981). Sieve-element plastid
starch differs from amyloplast starch in its chemistry and ultrastructure. In contrast to the
amorphous appearance of amyloplast starch, sieve-element starch forms more regular,
granulous starch grains that consist of highly branched molecules with numerous a-
(1—6)-linkages (Palevitz & Newcomb 1970). In the study of O. crenata tubercles on
V. narbonensis, distinction of host and parasite sieve elements was possible due to the
different plastid types, with P-type plastids in the host and S-type plastids in the parasite.
Furthermore, P-protein ultrastructure differed greatly, with filamentous P-protein in
O. crenata and typically cristalline P-protein bodies in V. narbonensis (Dorr & Kollmann
1995). In contrast, sunflower has S-type plastids and filamentous P-protein (Kollmann &
Glockmann 1990), which made a distinction of host and parasite sieve elements in the
interaction with O. cumana more difficult. Close examination of sieve-element plastid
ultrastructure in the different organs of sunflower and O. cumana, however, showed a
clear difference in plastid size, shape and the number of their starch inclusions. While
sieve-element plastids of H.annuus did not vary between organs, the plastids of
O. cumana differed between tubercle and shoot, with a transparent matrix in tubercles
and haustoria and a matrix with variable density, but mostly granular, in shoots. This
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could be related to the developmental processes of plastid differentiation (Kollmann et
al. 1983). Varying matrix density was also observed in developing Phaseolus vulgaris L.
sieve-element plastids (Palevitz & Nowcomb 1970) and in sieve-element plastids of

wound phloem in Pisum sativum L. (Schulz 1986).

Interestingly, the function of sieve-element plastids is not known. One opinion is that they
do not have any function (Behnke 1990, Sjélund 1997), but it is also hypothesised that
they could play a role in sieve plate occlusion during injury or as storage organelles
(Knoblauch & van Bel 1998, van Bel 2003, Knoblauch & Peters 2010).

Another helpful tool to locate phloem connections in the haustorium was the specific
ultrastructure of the sieve plate. While callose lining of the sieve pores was relatively
even in intraspecific sieve plates, it was more irregular in the interspecific sieve plates
with more callose on the host side. This phenomenon was also described for the
interaction of O. crenata with V. narbonensis (Dorr & Kollmann 1995). Interspecific
sieve pores form from secondary plasmodesmata, a process that has been described for
graft unions (Kollmann & Glockmann 1990) and seems to follow the same differentiation
principle that has been described for primary sieve pores (Esau & Thorsch 1985).

For parasitic plants, the question arose whether young parenchymatic parasite cells could
connect to fully differentiated host sieve elements, or if synchronous development of
sieve elements is necessary to establish the connection. For O. crenata, Dérr & Kollmann
(1995) found interspecific plasmodesmata between parenchymatic host and parasite cells,
but no connection between parenchymatic parasite cells and mature host sieve elements.
In this study, cytoplasmic connections between parenchymatic haustorial cells as well as
young parasite sieve elements to fully differentiated host sieve elements were found, thus

confirming that O. cumana cells can connect to mature host phloem tissue.

The sieve plate formed between O. cumana and sunflower sieve elements ensures a
direct, symplastic contact between host and parasite and allows the parasite to obtain
nutrients. Tracer experiments with P. aegyptiaca and P.ramosa showed transfer of
proteins and fluorescent symplastic tracer from the host phloem to Phelipanche tubercles,
thus demonstrating the symplastic phloem continuity (Aly et al. 2011, Péron et al. 2017).
It would be interesting to combine physiological and ultrastructural experiments on the
phloem connection of parasitic plants to show what implication haustorium anatomy has

for nutrient and macromolecule transfer.
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For a long time, it was believed that differentiated phloem does not occur at the haustorial
interface (Kuijt 1991). This has been ruled out by the current study which supports the
findings on O. crenata (D6rr & Kollmann 1995) and hints at a wider occurrence of direct

phloem connections in the terminal haustoria of Orobanche species.

62



1. Conclusions

I1. Conclusions

In this thesis, three main questions about the biology of the early O. cumana-sunflower-

interaction could be answered.

After the first important step in the parasite’s lifecycle, host-induced germination, the
second step is finding the host root by chemotropism. O. cumana germtubes showed a
positive chemotropic response to sunflower sesquiterpene lactones. This confers a double
role to sesquiterpene lactones as chemical signals for O. cumana germination and chemo-
tropism and sheds light on an important step in the interaction of root parasitic plants with

their hosts, which has not received research attention in the last decades.

Germination and chemotropism, however, were not the decisive steps in the incompatible
interaction of the resistant sunflower line examined in this thesis. Instead, the sunflower
resistance mechanism manifested itself in the host root cortex, where the development of
the haustorium stopped before reaching the vascular bundle. How this new resistance
mechanism works was not detectable by means of fluorescence- or transmission electron
microscopy. Unravelling this mechanism in future experiments will require immuno-
histological techniques or expression studies with tissue of the host-pathogen-interface

and can provide relevant information for sunflower breeding.

The key organ for parasitic plants is the haustorium which enables transfer of water,
minerals and organic nutrients from the host to the parasite. Whereas xylem connections
are relatively easy to study, phloem connections are difficult to detect. To tell if a sieve
element belongs to the host or the parasite requires ultrastructural markers, such as sieve-
element plastids that differ between taxa. In this thesis, a method was established to
identify sieve elements of sunflower and O. cumana based on their ultrastructure. Hence
it was possible to locate the exact connecting site between host and parasite phloem and
to identify a direct symplastic connection between the two plant species. This new
knowledge on the ultrastructure of the phloem connection is the basis for further

physiological experiments that can deepen our understanding of parasitic plants.

All in all, the answers to the research questions that were found in this thesis can provide

relevant information for plant breeding, plant physiology and botany in general.
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