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Summary

In this work the glucosinolate (GSL) contents in edible plants and the response of GSL
contents to biotic and abiotic stress were analyzed.

Fluctuations in GSL contents in Nasturtium officinale were determined in the course of a
growing season and in administered N. officinale during a human trial. Results showed only
minor changes in GSL contents, which are similar during the development of N. officinale and
cultivation of different batches. Hydrolysis of GSLs was analyzed in Moringa oleifera and
potential breakdown products were discussed on the basis of structurally related GSLs.

Glucosinolate changes were also investigated as a result of biotic stress. Higher contents of
gluconasturtiin were observed in Brassica napus infected with Verticillium longisporum. Direct
growth inhibitory aspects of gluconasturtiin-derived breakdown products were discussed.
Infection of B. napus with Plasmodiophora brassicae on the other hand resulted in lower
contents of GSLs. Regulation of gluconasturtiin biosynthesis by more virulent pathotypes might
be the cause for differing contents between plants infected with pathotypes differing in their
virulence.

Furthermore, the influence of abiotic stress on GSL contents in plants was analyzed in this
study. Rhythmic GSL fluctuations were observed in B. napus grown in light/dark and
continuous light conditions and the influence of the expression of genes involved in
biosynthesis and breakdown of GSLs were discussed. The influence of salt stress on Lepidium
latifolium revealed significantly higher contents of the aliphatic GSL sinigrin, which might be
involved in water homeostasis in the plant.

Lastly, it was observed that drought stress resulted in higher contents of the indolic GSL
glucobrassicin (GB) in Arabidopsis thaliana. The investigation of deuterium incorporation into
GB revealed higher biosynthesis of GB during drought stress. The expression analysis of genes
responsible for breakdown of GSLs and synthesis of indole-3-acetic acid (IAA) strongly

suggests glucobrassicin as a source of IAA in drought-stressed plants.
Keywords: human nutrition, biotic stress, abiotic stress, salt stress, drought stress,

glucosinolates, auxin, Nasturtium officinale, Moringa oleifera, Lepidium latifolium, Brassica

napus, Arabidopsis thaliana
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Zusammenfassung

Diese Arbeit untersuchte den Glucosinolatgehalt in essbaren Pflanzen sowie den Einfluss
von biotischen und abiotischen Faktoren auf die Konzentration einzelner Glucosinolate (GSL).

Untersuchungen der Glucosinolatkonzentrationen in Nasturtium officinale innerhalb einer
Saison sowie wihrend einer Humanstudie zeigten jeweils nur geringe Unterschiede. Aulerdem
wurde der Abbau von GSLs in Moringa oleifera untersucht und die Entstehung potentieller
Abbauprodukte mit Hilfe strukturell verwandter GSLs diskutiert.

Unterschiedliche GSLs-Konzentrationen wurden auch als Folge von biotischem Stress
beobachtet. So wurden hohere Gehalte von Gluconasturtiin in Brassica napus infolge einer
Infektion mit Verticillium longisporum beobachtet. Der direkte wachstumshemmende Effekt
von Produkten, die durch den Abbau von Gluconasturtiin entstehen, wurde diskutiert. Anders
als bei einer Infektion mit V. longisporum fihrte eine Infektion mit Plasmodiophora brassicae
in B. napus zu geringeren Konzentrationen aller GSLs im Vergleich zur Kontrolle.
Unterschiedliche Glucosinolatkonzentrationen in infizierten Pflanzen konnten auf die
unterschiedlichen Effekte der Pathogene auf die Morphoplogie der Wirtspflanze zuriickgefiihrt
werden.

Weiterhin wurde der Einfluss von abiotischem Stress auf den Gehalt von GSLs untersucht.
So wurden zum einen rhythmische Schwankungen in der GSLs-Konzentration in B. napus in
hell/dunkel, sowie kontinuierlichem Dauerlicht beobachtet. Dabei wurde der potentielle
Einfluss der Expression von Genen, die in der Biosynthese und dem Abbau von GSLs involviert
sind, diskutiert. Zum anderen wurden bei der Beobachtung des Einflusses von Salzstress
signifikant hohere Konzentrationen von Sinigrin in Lepidium latifolium festgestellt. Sinigrin
bzw. seine Abbauprodukte konnten auch in L. latifolium fir die Aufrechterhaltung des
Wasserhaushaltes verantwortlich sein.

Zuletzt konnte gezeigt werden, dass Trockenstress zu signifikant héheren Gehalten von
Glucobrassicin (GB) in Arabidopsis thaliana fiihrt. Die Untersuchung des Einbaus von
Deuterium in GB offenbarte deutlich eine erhdhte Biosynthese von GB in trockengestressten
Pflanzen. Die Expressionsanalyse von Genen, die in den Abbau von GSLs sowie in die
Synthese von Indol-3-essigsdure involviert sind, legen GB dabei als eine Quelle fiir die

Synthese von Indol-3-essigsdure in trockengestressten Pflanzen nahe.

Schliisselworter: Humanerndhrung biotischer Stress, Abiotischer stress, Salzstress,
Trockenstress, Glucosinolate, Auxin, Nasturtium officinale, Moringa oleifera, Lepidium
latifolium, Brassica napus, Arabidopsis thaliana
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Chapter 1

General Introduction



1.1 Introduction into Glucosinolates

Glucosinolates (GSLs) are specialized metabolites mainly synthesized by plants belonging
to the Brassicales order. Nevertheless, members of the Euphorbiaceaec (Malpighiales),
Phytolaccaceae (Caryophyllales) and Pittosporaceae (Apiales) were also found to be able to
synthesize GSLs (Fahey et al., 2001). Some members of the Brassicales order represent
important crop plants including canola (Brassica napus) and several varieties of Brassica
oleracea like cabbage and broccoli (Mitreiter & Gigolashvili, 2021).

Structurally, a pyranose form of D-glucose in beta-linkage attached to an aglucone
consisting of a thiohydroximate with a sulfate ester group at the oxygen and a variable side
chain is common to all GSLs (Blazevi¢ et al., 2020).

Depending on the amino acids they are derived from, GSLs are divided into three groups.
Aliphatic glucosinolates (aGSLs) are synthesized from alanine, valine, leucine, isoleucine or
methionine, whereas phenylalanine or tyrosine are used for the synthesis of aromatic GSLs and

tryptophan for the synthesis of indolic ones (Mitreiter & Gigolashvili, 2021).

1.1.2 Glucosinolate biosynthesis

Biosynthesis of GSLs can be divided into three main steps. In the first step, the chain of
methionine and phenylalanine can be elongated. The core GSL structure is established in the
second step, which is followed by the modification of the variable side chain in the third
(Senderby et al., 2010).

The branched-chain amino acid transferase (BCAT) deaminates methionine (Met) to yield
a 2-oxo acid, which condensates with acetyl-CoA with the help of a methylthioalkylmalate
synthase (MAM). Next, an isopropylmalate isomerase is responsible for isomerization followed
by oxidative decarboxylation by isopropylmalate dehydrogenase. The resulting 2-oxo acid,
which is elongated by a single methylene group (-CHz), can reenter the chain elongation
pathway or enter the core GSL synthesis pathway after being transaminated by BCAT to
homoMet (Senderby et al., 2010).

Cytochromes P450 of the CYP79 family convert precursor amino acids into aldoximes
(Fig. 1). CYP79B2 and CYP79B3 are both responsible for the conversion of tryptophan (Trp),
CYP79A2 converts phenylalanine (Phe) and CYPF1 accepts all chain-elongated Met
derivatives, whereas CYP79F2 only accepts Met derivatives with longer side chains. With the
action of cytochromes P450 of the CYP83 family, aldoximes are further oxidized to either
nitrile oxides or aci-nitro compounds. Tryptophan and Phe derived acetaldoximes are converted

by CYP83B1, whereas CYP83ALl is responsible for the conversion of Met derived aldoximes.
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After the conjugation of aldoximes to a sulfur donor, which happens without the involvement
of enzymes, the C-S lyase SURI converts the S-alkylthiohydroximates to thiohydroximates.
Desulfoglucosinolates (dsGSLs) are then synthesized by transfer of S-glucose with the help of
the glucosyltransferase of the UGT74 family. In the last step, dsGSLs are sulfated into GSLs
by the three sulfurtransferases SOT16, SOT17 and SOTI18, using GSH as sulfur donor
(Senderby et al., 2010).

Side chain modification of aGSLs is performed by flavin monooxygenases FMOgs.ox1,
resulting in S-oxygenation of GSLs. Subsequently, the 2-oxoglutarate-dependant dioxygenase
AOP2 converts S-oxygenated GSLs to alkenyl GSLs whereas AOP3 is responsible for the
conversion to hydroxyalkyl GSL (Senderby et al., 2010). The indolic side chain of the parent
GSL glucobrassicin (GB) is hydroxylated by CYP81F4 and CYP81F2, CYP81F3 to yield
neoglucobrassicin and 4-methoxyglucobrassicin respectively after methylation of indole

glucosinolate methyltransferases (IGMT) 1 and IGMT2 (Pfalz et al., 2011).
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1.1.2 Regulation of glucosinolate biosynthesis

Six myeloblastosis (MYB) transcription factors (TFs) were identified to positively regulate
GSL biosynthesis. Among them, MYB28, MYB29 and MYB76 (Hirai et al., 2007; Senderby
et al., 2007) are responsible for the regulation of aGSLs, whereas MYB34, MYBS51 and
MYBI122 regulate iGSLs (Celenza et al., 2005; Gigolashvili et al., 2007).

Analysis of corresponding mutants revealed partial redundancy but also distinct functions
of some of these TFs. While MYB28 is responsible for the synthesis of long-chained aGSLs
(three to six cycles of chain elongation), the loss of either MYB28 or MYB29 leads to a
reduction of short-chained aGSLs (up to two cycles of chain elongation). Missing of both TFs
in the double mutant myb28myb29 leads to barely detectable contents of aGSLs. The presence
of functional MYB76 is held responsible for the minute contents of aGSLs left in the
myb28myb29 double mutant, but it is not enough to compensate for the loss of its related TFs
(Beekwilder et al., 2008).

Investigation of MYB TFs responsible for iGSL regulation revealed regulation of GB and
neoglucobrassicin synthesis by MYB34, while MYB51 is involved in the regulation of all three
iGSLs GB, 4-methoxyglucobrassicin and neoglucobrassicin in 4. thaliana leaves. Loss of both
MYB34 and MYB54 in the double mutant leads to only small amounts of iGSLs which are
comparable to the contents in the myb34myb54mybl22 triple mutant highlighting the
insignificant contribution of MYB122 to the regulation of iGSLs at least in standard growing
conditions (Frerigmann & Gigolashvili, 2014).

1.1.4 Glucosinolate hydrolysis
1.1.4.1 Classicalal myrosinases

Thioglucosidases [EC 3.2.1.147] are enzymes present in plants, microorganisms and
insects. Among them are myrosinases which are specialized to the cleavage of the
thioglucosidic bonds of GSLs. The group of myrosinases consist of the two subclasses Myr 1
and Myr II. Through in situ hybridization, promoter-reporter gene experiments and
immunolocalization in plants, members of the Myr I subclass TGG1 and TGG2 were found to
be localized mainly in myrosin cells (Bhat & Vyas, 2019). Their main function is believed to
be the involvement in pathogen defense because of their spatial separation from GSL-
containing S-cells (Sugiyama & Hirai, 2019). Root located TGG4 and TGGS belonging to the

Myr II subclass were found to perform their hydrolytic activity even at temperatures above



60°C and above concentrations of 500 mM NaCl indicating their contribution in abiotic stress
situations (Andersson et al., 2009).

Myrosinases differ in their acceptance and conversion rates of different GSLs which
explains the expression of multiple myrosinases in plants or specialized expression patterns in
different organs (Wittstock et al., 2016).

Myrosinases hydrolyze GSLs through the formation of a glucosyl enzyme complex (Fig.1).
A nucleophilic attack of an anomeric carbon of GSLs is performed by the Glu (Glu409) residue
of the catalytic site of myrosinases. The aglucone part is released from the complex further
disintegrating to ITCs and sulfate. Hydrolysis of the glucosyl enzyme complex is achieved by
H>O positioning with a Gln residue and ascorbic acid as coenzyme acting as catalytic base. By
deprotonation of the water residue of the complex, the glucose is finally released (Bhat & Vyas,

2019).

i
OH

[}
S=—C=—=N—-~R SO,

- aglycon + ascorbate
4 3 gy + water

Gluggg

OH

Figure 2: Hydrolysis of glucosinolates by myrosinases in the presence of ascorbic acid. 1. Nucleophilic attack of Glu409 on
anomeric carbon of glucosinolates and formation of glucosyl enzyme complex. 2. Release of sulfate aglucone which undergoes
Lossen-type rearrangement to isothiocyanates. 3. Deprotonation of water by ascorbic acid. 4. Release of glucose from glucosyl
enzyme complex. Figure was prepared using ChemDraw (Professional, Version 20.0.0.38, PerkinElmer, Waltham, United
States). Modified after Bhat & Vyas (2019).

1.1.4.2 Atypical myrosinases

Thioglucosidases lacking a Gln residue for H>O positioning were termed atypical

myrosinases. Instead, additional basic residues aid in the release of glucose in the final step,
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making ascorbic acid as cofactor obsolete (Sugiyama & Hirai, 2019). Although beta
glucosidases (BGLU) 18-33 have primarily other functions and higher affinities towards O-
glucosides, they are able to perform GSL hydrolyses. Among them, PEN2 (BGLU16) was
found to be involved in the resistance of 4. thaliana towards powdery mildew by degradation
of iGSLs (Bednarek, 2012). The primary function of the atypical myrosinase BGLU18 is the
hydrolysis of an inactive abscisic acid (ABA) glucosyl ester, thereby releasing active ABA
especially as a response to drought stress (Lee et al., 2006). The presence of BGLU18 in ER
bodies, an organelle restricted to a few families of the order Brassicales, indicates the

acceptance of substrates other than GSLs (Sugiyama & Hirai, 2019).

1.1.4.3 Regulation of glucosinolate hydrolysis outcome

Glucosinolate turnover in intact tissues would result in damage to cells due to the reactive
nature of ITCs. Because of this reason, upon the hydrolysis of GSLs, formed ITCs are
conjugated to glutathione (GSH) with the glutathione-S-transferase GSTU13. This conjugate is
further metabolized to an amine and raphanusamic acid by an unknow protein (Blazevi¢ et al.,
2020). However, direction of the hydrolysis outcome of GSLs can also be achieved with
presence of specifier proteins. The epithiospecifier protein (ESP) shifts the outcome of the
reaction towards epithionitriles and nitriles while action of nitrile specifier proteins leads to
enhanced formation of nitriles (Burow & Wittstock, 2009; Kissen & Bones, 2009). Only one
gene encoding for ESP is known in A. thaliana, however, the ecotype Col-0 was found to
regulate ESP translation by alternative splicing leading to a transcript that is not translated into
a protein (Kissen et al., 2012). Five NSP proteins (NSP1-NSP5) are described in A. thaliana.
Expression of the gene encoding for the most abundant specifier protein NSP1 is found in all
organs, while NSP2 is expressed in seeds and inflorescences. NSP3 and NSP4 are higher
expressed in seeds and roots, but expression is found in all organs. NSP5 was found to be highly
expressed in seeds, inflorescences, roots and senescent rosette leaves. All specifier proteins
accept unstable aglucones as substrates making the determination of kinetic constants

impossible (Wittstock, 2010).

1.2 Importance of glucosinolates in human nutrition

Among the most harvested vegetables in Germany, white cabbage ranks in the third place
and together with other Brassica crops, 950,000 tons of Brassica crops were harvested in
Germany in 2020 alone (Statistisches Bundesamt 2021). But Brassica crops are not only widely

produced but also popular among German consumers. In 2019 and 2020, with 388,000 tons,
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white and red cabbage marked the fifth place in the ranking of most consumed vegetables in
Germany (Statistisches Bundesamt 2021).

Because of the widespread consumption of Brassica vegetables, it is assumed, that
considerable amounts of GSLs as well as breakdown products are ingested. Consumption of
GSLs is estimated to be around 14 mg d*! in Germany, 6.5 mg d™!' in Spain and 46 mg d'! in the
United Kingdom. However, estimations based on the dietary exposure of Brassica vegetables
are prone to huge fluctuations due to form of preparation of consumed vegetables and variation
of GSL contents in harvested crops (Wu & Pehrsson, 2021).

While consuming fresh vegetables, cells and cell compartments get destroyed by chewing,
bringing GSLs and thioglucosidases together. Thereby, an array of breakdown products is
released (Oliviero et al., 2018). Cooking on the other hand inactivates thioglucosidases and
specifier proteins leaving GSLs intact. Nevertheless, intact GSLs can also be converted to
breakdown products by the gut microbiome. However, estimation of GSL conversion to ITCs
analyzed as urinary dithiocarbamates (DTCs) revealed huge differences among individuals
ranging from conversion rates of 1% to 40% (Fahey et al., 2012). Composition of gut
microbiome most likely is responsible for differences in gut ITC generation since not all
bacteria express thioglucosidases (Tian et al., 2018). Furthermore, bacteria derived
thioglucosidases differ in their substrate specificity or hydrolyze GSLs after desulfation to yield
nitriles (Fahey, 2012).

1.2.1 Antimicrobial activity of glucosinolates

Thiocyanates, nitriles and especially ITCs were found to be particularly effective in their
antifungal and antimycotic activity (Saladino et al., 2017). It is hypothesized that ITCs exert
their antimicrobial properties through their chemical reactivity. The electrophilic carbon of
ITCs readily reacts with thiols, alcohols and amines to yield thiourea or O-thiocarbamate
derivates and DTCs respectively. Since highly abundant reaction partners present in cells would
therefore be GSH and thiol side chains of proteins, ITCs are most likely involved in perturbation
of redox homeostasis (Plaszko et al., 2021). It was shown that high concentrations of allyl ITC
lead to GSH depletion in the human pathogenic yeast Candida albicans. However, oxidative
stress and reduction in growth was already observed at low concentrations without alterations
of the GSH pool indicating additional modes of action (Bert6ti et al., 2016). Application of
aqueous Moringa peregrina seed extracts to Salmonella enterica cultures lead to disintegration
of the cell membrane, formation of holes and subsequent disruption of the cell wall and cell

death, highlighting the reactive nature of ITCs (Romeo et al., 2018).
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1.2.2 Antioxidant and anti-inflammatory activity of glucosinolates

Additionally, ITCs demonstrated chemopreventive properties, reduction of complications
in diabetes patients, reduction of cardiovascular disease risk and alleviation of respiratory
conditions (Palliyaguru et al., 2018). Most effects observed after administration of ITCs can be
traced back to the activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) and the
repression of the nuclear factor kappa-light-chain-enhancer of activated B cells family (NF-xB)
(Burcul et al., 2018). Nrf2 is responsible for the control of cellular oxidant level by regulation
of genes responsible for antioxidant enzymes, oxidant signaling proteins and drug metabolism
and is therefore involved in the protection of cells against toxicity (Ma, 2013). The transcription
factor NF-kB activates transcription of genes involved in cell survival, differentiation,
proliferation and apoptosis. Nevertheless, deregulation of NF-kB can lead to inflammation and

cancer (Khongthong et al., 2019).

1.2.3 Antinutritional glucosinolates

Although most GSLs and their breakdown products are believed to be beneficial to human
health, some are known to exhibit detrimental properties. It was shown by Baasanjav-Gerber
(2011), that neoglucobrassicin was able to induce genotoxicity through formation of DNA
adducts in Salmonella typhimurium. Results obtained differed depending on the organism the
genetic material was derived from, highlighting the need for further research in this area.
Furthermore, progoitrin is known to be goitrogenic through the formation of goitrin upon
hydrolysis (Choi et al., 2014). However, antinutritional effects of progoitrin can be counteracted
with sufficient supply of iodine (Zukalova & Vasak, 2002).

If fresh or even cooked vegetables are consumed, the ingestion of GSLs and their
breakdown products is almost inevitable because of their abundance in Brassica crops.
Although beneficial effects were reported for most GSL structures, others need further

investigation.

1.3 Plant response to abiotic stress

Abiotic stress like drought and salt stress leads to the closure of stomata in order to avoid
further water loss (Godoy et al., 2021). Therefore, uptake of CO; is reduced which subsequently
results in a higher activity of the photorespiratory pathway. Additionally, diminished electron

flow through the photosynthetic electron transport chain leads to the formation of reactive
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oxygen species (ROS) (Nadarajah, 2020) (Fig. 3). The accumulation of ROS and the shift to an
oxidative environment lead to the degradation of enzymes, proteins and nucleic acids. In order
to restore the redox balance, plants synthesize metabolites like ascorbic acid, tocopherols and
glutathione (GSH) which are able to scavenge ROS. Furthermore, enzymes like catalase,
peroxidases and glutathione reductase are used to neutralize ROS (Choudhury et al., 2013).
Depending on the severity of the stress, diminished photosynthesis and the expense invested in
the synthesis of ROS-scavenging metabolites result in growth retardation and crop losses

(Nadarajah, 2020).
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Figure 3: Response of Plants to abiotic stress. Environmental influences like light or stress factors like drought or salt stress
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can lead to the accumulation of reactive oxygen species, lower photosynthetic activity and reduced plant growth. Combined
and modified after Sha Valli Khan et al. (2014) and Zhu (2016).

1.3.1 Climate change and its effect on agriculture

In the time of our existence on earth climate has changed considerably and drastically,
leaving us hints on how this change might continue in the near future (Le Treut et al., 2007).

Analysis of drought events from 1951 to 2016 identified Amazonia, South America, the
Mediterranean region, Africa and parts of China as drought hotspots. Furthermore, increased
temperature overweighed increased precipitations in North America, Europe, central Asia and
Australia resulting in more frequent droughts (Spinoni et al., 2019). Drought incidences,
duration and severities are expected to rise even when optimistic parameters are used to predict
future outcomes (Liu et al., 2018; Naumann et al., 2018; Spinoni et al., 2020). Drought accounts
for major crop losses especially in globally important crops like maize, soybeans and wheat
(Matiu et al., 2017) and yield loss risk is calculated to rise by about 20% if drought scenarios
worsen in the future (Leng & Hall, 2019). Since a large proportion of vegetables consumed and

crop plants used for biofuel production belong to the Brassicales order, investigation of their
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response to abiotic stress is needed. The gained knowledge of biochemical processes in
abiotically stressed plants could be used for future improvements of crop performance.
Furthermore, light abiotic stresses could be applied to plants to enhance contents of specialized

metabolites like GSLs in order to improve their nutritional value.

1.3.1 Influence of abiotic stress on glucosinolates

Changes in GSL contents were observed in abiotic stresses like salt and drought stress, light
quality and nutrient deficiency (Martinez-Ballesta et al., 2013). Explanation of GSL changes is
evident for some abiotic factors but still needs more research to elucidate the function in others.
Extended darkness for example leads to carbohydrate starvation and degradation of GSLs
which are probably used as carbon and sulfur storage (Brandt et al., 2018). The function as
sulfur storage becomes even more obvious in sulfur deficient plants. Under sulfur starvation,
BGLU28 and BGLU30 were found to catabolize GSLs and expression of Sulfate Transporters
1 and 2 were found to be upregulated in bglu28bglu3() mutants (Zhang et al., 2020). The reason
for differing GSL concentration in salt-stressed plants is not clarified to date. Since strong
osmotic stress as a result of salt administration can lead to damage of cells, the differentiation
between the effects of salt stress and tissue disruption can be challenging (Martinez-Ballesta,
2013). However, the presence of TGG1 in guard cells of stomata and GSL degradation was
found to be involved in stomatal aperture and therefore in water homeostasis in plants (Zhao et
al., 2008). Furthermore, it was shown that the degradation of aGSLs seems to alleviate drought
stress through the regulation of stomatal aperture, thereby showing a clear role of GSLs in

abiotic stress situations (Salehin et al., 2019).

1.4 Plant responses to biotic stress

Biotic stressors account for an estimated crop loss of 20-40% worldwide (Douglas, 2018).
Due to selection of crop plants for high yield, taste and appearance, they are less tolerant to
abiotic and biotic stress conditions compared to their non-selected relatives (Hussain, 2015).
Additionally, when already subjected to abiotic stress, plants are more susceptible to biotic
influences endangering crop performance in an additive manner (Dresselhaus & Hiickehoven,
2018). Influence from biotic stressors results in a stress response of the plant resulting in
redirection of resources from biomass production to plant defense. Subsequently, the crop loss
depends on the physical damage the plants experience and the expense that was invested into
the defense response (Peterson & Higley, 2000). Currently, the most effective way to cope with

biotic stressors is the use of pesticides which, when used inaccurately and in excess, can lead
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to development of resistant pathogens, perturbances of biodiversity and potentially toxic
residues on final products (Kaur et al., 2019; El-Nahhal & El-Nahhal, 2021). An additional
approach, however, could be to include crop resistance into breeding approaches. Since a huge
percentage of crops grown and consumed belong to the Brassicales order (Fig. 1), investigation
of their specialized metabolites could be helpful to cope with biotic stressors. Glucosinolates
were found to be active against a range of biotic stressors like fungal and bacterial infections

as well as against herbivores and aphids (Liu et al., 2021).

1.4.2 Effect of glucosinolates on biotic stressors

In insects, GSLs exhibit their repellant action mostly through the reactivity of their
breakdown products, resulting in the inhibition of enzymes, depletion of amino acids and
disruption of redox homeostasis (Jeschke et al., 2016; Agnihotri et al., 2018). However,
herbivores are able to specialize to GSL containing plants in order to avoid competition. This
phenomenon can be exemplarily observed by the emergence of certain GSL groups in families
of the Brassicales order and the parallel emergence of certain lineages developing feeding
preferences for plants synthesizing these compounds. Nevertheless, plants are still able to
counteract feeding by regulation of GSL biosynthesis towards the increase of GSL contents or
by changing its pattern (Chhajed, 2020).

The defense of GSL containing plants against fungi relies on accumulation of ROS,
depolarization of the mitochondrial membrane and decreased oxygen consumption and the
establishment of physical barriers through generation of breakdown products (Clay et al., 2009;
Poveda et al., 2020). Many ITCs found in different plant species were observed to exhibit
antifungal properties. However, some pathogenic fungi are also able to counteract the chemical
defense e.g. through detoxification of ITCs.

In order to create more resilient crops that can withstand biotic stressors, counteractive
measures initiated by plants as a response to pathogens have to be unveiled and understood
first. Understanding the mechanisms of GSL mediated resistance will provide possibilities to
improve crop resistance through introduction of beneficial traits possibly involved in GSL

regulation, synthesis and breakdown.
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Aims of this thesis

The overall goal of this thesis is to study changes in GSL contents in plants used for human

nutrition and in plants exposed to biotic and abiotic stress and to discuss their potential roles.

Specific objectives

To monitor GSL contents in Nasturtium officinale in the course of a growing season and during

a human trial.

To compare GSL hydrolysis in Moringa oleifera in comparison to other species and to discuss

potential breakdown products.

To analyze the effect of an infection with Verticillium longisporum and Plasmodiophora

brassicae on the GSL contents in Brassica napus and to discuss their potential role in the plant.

To analyze changes in GSL contents in the course of the day in Brassica napus and to discuss

underlying mechanisms behind rhythmic changes.

To analyze the effect of salt stress on the content of GSLs in Lepidium latifolium and to discuss

the potential involvement of sinigrin in water homeostasis.
To analyze the effect of drought stress on the GSL changes in Arabidopsis thaliana and to

investigate the involvement of iGSL breakdown to the contribution of IAA synthesis in

drought-stressed plants.
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Summary

Watercress, Nasturtium officinale R. Br., is a native water or semi-
aquatic plant that has a high nutrient density. Physiologically relevant
are the various glucosinolates, which possess positive health effects
in form of their thio- and isothiocyanates. In an interdisciplinary
project, we aim to develop a hydroponic, and finally an aquaponic,
circulatory cultivation system and to study the health effects of
watercress. In humans, there is a lack of data-based knowledge on
potential beneficial health effects of watercress. Growth of water-
cress was followed during one season in an open-door hydroponic
system. Watercress was also cultivated in the greenhouse in diffe-
rent substrates with different concentrations of nutrients and salt. The
biomass production is strongly dependent on the temperature. The
glucosinolate contents differ significantly during the growing season,
especially during flowering. Watercress naturally grows in nutrient-
rich fresh waters, however, when cultivated at NaCl concentrations
of up to 120 mM the gain in biomass is still high. In a human proof-
of-concept study, indications for antioxidant and anti-inflammatory
effects of fresh watercress were observed already after a single dose
intake of fresh watercress (85 g). Further in vivo and in vitro studies
are planned to study health beneficial effects of watercress and its
metabolic activity.

Keywords: Anti-inflammatory, antioxidative, gluconasturtiin, glu-
cosinolates, hydroponic cultivation, PEITC.

Introduction

Watercress (Nasturtium officinale R. Br.), a member of the Brassi-
caceae, is a perennial aquatic or semi-aquatic plant species native
to Europe and Asia. Watercress grows in nutrient-rich, streaming
freshwater (KOPSELL et al., 2007). Watercress is traditionally used
as winter salad as it grows in flowing water even at cool tempera-
tures as long as the water is not frozen. Due to its special demands,
the cultivation of watercress declined although nutritionally valuable
metabolites have been identified. Usually, watercress is cultivated in
sophisticated held back streaming waters, but also grows well in moist
soil or hydroponic cultures. When commercially grown, watercress
cuttings or seedlings are planted into beds with a mixture of soil and
gravel, leveled out to ensure even water flow through the beds. Upper

Tab. 1: Cultivation methods of watercress.

parts of the watercress are harvested several times per growing sea-
son, leaving enough stem to ensure new growth (Tab. 1). The species
needs low amounts of nitrogen and phosphate in comparison to other
plant species while producing large amounts of biomass (KOPSELL
et al., 2007). As it is quite low in energy, watercress has a high nutri-
ent density for vitamins Bl, B2, B3, B6, E, C, polyphenols (flavo-
noids, phenolic acids, proanthocyanidins) as well as terpenes (inclu-
ding carotenoids) (KLIMEK-SZCZYKUTOWICZ et al., 2018).

Like all members of the Brassicaceae plant species watercress con-
tains mustard oil glycosides or glucosinolates (GLS). These nitrogen
and sulfur containing secondary metabolites are derived from amino
acids and are synthesized by the plant to cope with biotic stress-
ors. Glucosinolates and thioglucosidases (EC 3.2.1.147) are usually
stored in different cells or cell compartments, but get together once
the plant tissues are disrupted (AHUJA et al., 2016). Thioglucosidases
then hydrolyze the GLs leaving an unstable aglucone behind, which
further reacts to thiocyanates, isothiocyanates and nitriles depen-
ding on pH, metal ions and present specifier proteins (CHEN et al.,
2019). In the case of watercress, the eponymous GL gluconastur-
tiin predominates, a precursor of the breakdown product phenethyl
isothiocyanate (PEITC). Isothiocyanates and thiocyanates are very
reactive substances leading to numerous conjugates with thiol con-
taining compounds like N-acetylcysteine, glutathione, cysteine and
many more, forming stable dithiocarbamates (MULLER et al., 2018).

Several health beneficial effects have been postulated for watercress.
These include antioxidant, anti-inflammatory, immunomodulating,
anti-diabetic, anti-allergic, antibacterial, hypolipemic, cardioprotec-
tive and anticancer effects as well as beneficial effects on the repro-
ductive system (summarized in Tab. 2-4). Most of these effects have
been observed in vitro (Tab. 2) and in animal studies (Tab. 3), while
only a few human intervention studies have been carried out (Tab. 4).
However, findings from in vitro studies do not necessarily apply in
vivo, especially when looking at antioxidant effects of compounds
(BERGER et al., 2012). Although some studies analyzed the admin-
istration of isolated PEITC (YUAN et al., 2016), which is the main
isothiocyanate of watercress, the investigation of single compounds
does not necessarily allow drawing conclusions from the effects of
whole watercress — an edible green with other known health-promo-
ting ingredients.

Overall, the data on the nutritional effects of watercress is very limi-
ted. The few human studies that administered watercress focused on

Cultivation method Place

Substrate used Reference

Beds with flowing water Germany (Erfurt)

Beds with flowing water Great Britain (Dorset, Hampshire)
Beds with flowing water USA (California, Hawaii, Florida)

Hydroponics or overhead spray lines

Australia (Brisbane, Sydney, Melbourne)

PINK, 1993

CASEY & SMITH, 1994; Crisp, 1970
FENNELL, 2006

FENNELL, 2006

Soil mixed with gravel
Soil mixed with gravel
Soil or sand

Nutrient solution

* Corresponding author
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Tab. 2: Health effects of watercress — in vitro studies.

Effect Dosage form Cell line/ experimental model Results/Mechanism(s) Reference
Anticancer Extract of watercress  Human MDA-MB-231 * Suppression of invasive potential ROSE et al., 2005
breast cancer cells « Inhibition of metallo-proteinase 9
Anticancer Extract of watercress  Human HT115 colon cancer cells « Suppression of invasive potential Boybp et al., 2006
Anticancer PEITC Biliary tract cancer cells * Reduction in cisplatin resistance Lietal., 2016
« Increased rate of apoptosis of cancer cells
« Inhibited xenograft tumor growth
Anticancer Extract of watercress  Human colon cancer cells * Watercress extract proved to be effective Boyp et al., 2006
(HT29 cells) against tumor initiation, proliferation and
metastasis:
= Inhibition of DNA damage (initiation)
o Accumulation of cells in the S phase
of the cell cycle (proliferation)
o Inhibition of invasion through matrigel
(metastasis)
Antioxidant, Extracts of watercress Rat liver homogenate ¢ Reduced serum alanine aminotransferase and BAHRAMIKIA and
hypolipidemic aspartate aminotransferase levels compared to YAZDANPARAST, 2010
and cardio- high-fat diet groups
protective * Reducing power in a ferric reducing antioxidant

power assay

« Concentration-dependent scavenging ability on
2.2-azinobis 3-ethylbenzothiazoline-6-sulfonate,
1,1-diphenyl-2-picrylhydrazyl, nitric oxide radicals,
and hydrogen peroxide

* Chelating ability on ferrous ions

* Prevention of thiobarbituric acid reactive substances
formation in ferrous ion/ascorbate induced lipid
peroxidation in a dose dependent manner

Antioxidant and

Watercress juice

Digestive enzymes:

« Inhibition of a-glucosidase, a-amylase and lipase SPINOLA et al., 2017

antidiabetic a-glucosidase,
o -amylase and lipase
Antioxidant Extract of watercress ~ Direct measurement « Improved total antioxidant activity, reducing OZEN, 2009

(aqueous and ethanolic)

of antioxidant capacity
of watercress extract

power, DPPH* radicals and superoxide
anion radicals scavenging activities

Antioxidant and

Extract of watercress

Human PBMC

* Increased gene expression of detoxification HOFMANN et al., 2009

anticancer & PEITC enzymes (GPx1 and SOD2)
« Increased SOD?2 activity
Anti- PEITC Murine raw 264.7 macrophages « Inhibition of NO production — decreased Tsaretal., 2010
inflammatory production of TNFa and IL-10 by activated
macrophages
* Increased NO clearance
Antiallergic Extract of watercress ~ Rat peritoneal mast cells and « Inhibition of histamine release HOSHINO et al., 1998
(ethanol) rat basophilic leukemia cells
(RBL-2H3)
Antibacterial Extract of watercress ~ Gramnegative bacteria  Antibacterial activity for all bacterial strains ZAFAR et al., 2017
(methanol) (e.g. Escherichia coli, Klebsiella * Highest inhibitory activity against
pneumoniae) and Grampositive Bacillus cereus and Escherichia coli
bacteria (e.g. Enterococcus faecalis
and Bacillus cereus)
Antibacterial Extract of watercress ~ Mycobacterium tuberculosis « Inhibitory activity against Mycobacterium QUEZADA-LAZARO et al.,

(chloroform)

H37Rv bacteria

tuberculosis H37Rv bacteria 2016

DPPH, 2 2-diphenyl-1-picrylhydrazyl; GPx1, glutathione peroxidase 1; IL-10, Interleukin 10; NO, nitric oxide; PEITC, phenethyl isothiocyanate; SOD, super-
oxide dismutase; TNFa, tumor necrosis factor a.

antioxidant (FOGARTY et al., 2013; GILL et al., 2007) and anticancer
effects (HOFEMANN et al., 2009), while anti-inflammatory effects
have not been investigated in humans so far.

In an interdisciplinary research project, we aim to optimize the cul-
tivation of watercress in aquaponic circulatory systems. Another aim
of the project is to study the health effects of freshly harvested water-
cress in vivo. A proof-of-concept study was conducted to prove the
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applicability of a specific study design to investigate antioxidative
and anti-inflammatory effects of watercress in humans. The effect
of a single watercress dose on markers of oxidative stress/lipid per-
oxidation (malondialdehyde, MDA) and inflammation (IL-6, TNFa
and IL-10) was investigated in subjects who had to complete a high-
intensity training to induce oxidative stress and a pro-inflammatory
condition.
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Tab. 3: Health effects of watercress — animal studies.

Effect Dosage form Species Results/Mechanism(s) Reference
Anticancer Aqueous solution Swiss mice * Suppression of Ehrlich tumor growth DE SouzA et al., 2016
of watercress
Anti-inflammatory Extract of Rats « Inhibition of carrageenan-induced paw edema SADEGHI et al., 2014
watercress * Activity against formalin-evoked paw edema
 Decreased swelling and tissue damage induced
by carrageenan or TPA
Antioxidative, Extract of (Hypercholesterolaemic) * Decrease of hepatic MDA, GR and GPx activities YAZDANPARAST et al., 2008
hypolipemic and watercress rats * Reduced total cholesterol, triglycerides and
cardioprotective low-density lipoprotein
« Increased levels of blood high-density
lipoprotein cholesterol
Antioxidant and Extract of Rats * Protection against increase in ROS, GSH, LPO and SHAHANI et al., 2017
anti-inflammatory watercress PCO in gentamicin-induced nephrotoxicity
* Protection against increase in NO and TNFa. in
gentamicin-induced nephrotoxicity
Antioxidant and Extract (Diabetic) rats  Improvement of antioxidant status: SOD, GR, GPx, FENTON-NAVARRO et al., 2018
antidiabetic of watercress MDA in plasma and different tissues, total antioxidant

status

* Hypoglycemic effect of aqueous watercress extract
was 76.6 % higher than that of insulin; glucose levels
were normalized on the third week up to the eighth week

Antidiabetic

Different extracts
of watercress
(ethyl acetate,
methanol and

(Diabetic) rats

* Decrease of blood glucose after 1 week and 2 months

HosEINI et al., 2009

aqueous)
Antidiabetic and Extract of (Diabetic) rats * Decrease of serum glucose, total cholesterol HADIZADEH et al., 2015
hypolipidemic watercress and LDL-cholesterol
(hydro-alcoholic)
Antioxidant Extract Rats « Attenuation of Vancomycin-induced nephrotoxicity Karami et al., 2018
of watercress * MDA levels decreased compared to control
(hydro-alcoholic)
Antioxidant Watercress juice  Mice * Enhancement of superoxide dismutase activity CASANOVA et al., 2017
in erythrocytes
* Improved glutathione balance
* Diminished lipid oxidation in all matrices
Antioxidant Extract Rats * Decreased lipid peroxidation in liver, brain and kidney OZzEN, 2009
of watercress
(ethanolic)
Antioxidant Watercress oil Rabbits * Improved SOD activity and GSH concentrations ALAGAWANY et al., 2018
Immuno-modulating  Extract Rainbow trout * Enhancement of hematological and immunological AsADI et al., 2012
of watercress parameters (including Hb and MCHC, lysozyme
and complement activities, total protein and
globulin levels)
Reproductive Extract of (Diabetic) rats « Increased levels of testosterone, LH, FSH, and MOHAMMADI et al., 2017
system watercress fast-motility sperm

(hydro-alcoholic)

FSH, follicle stimulating hormone; GPx, glutathione peroxidase; GR, glutathione reductase; GSH, glutathione; Hb, hemoglobin; LDL, low density lipopro-
tein; LH, lh luteinizing hormone; LPO, lipid peroxidation; MCHC, mean corpuscular hemoglobin concentration; MDA, malondialdehyde; NO, nitric oxide;
PCO, protein carbonyl; PEITC, phenethyl isothiocyanate; ROS, reactive oxygen species; SOD, superoxide dismutase; TNFa, tumor necrosis factor o, TPA,
12-O-tetradecanoylphorbol-13-acetate.

Materials and methods

Plant material

The watercress cultivar was originally obtained from the nursery
Fischer, Erfurt (http://erfurt-hochheim.de/gewerbe_und_handel/handel/
?id=75). It was further propagated on the trout farm of the family
Gockemeyer in Poggenhagen (http:/www.edelkrebs-niedersachsen.
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de/forellen/). There, cuttings have been taken for propagation in the
greenhouse at the Institute of Botany, Leibniz University Hannover.

Sampling and cultivation experiments
Growth of watercress was followed during one growth season in an
outdoor hydroponic system and samples were collected every two
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Tab. 4: Health effects of watercress — human studies.

Effect Dosage form Results/Mechanism(s)

Reference

Anticancer and Fresh watercress

antioxidant

* Reduced lymphocyte DNA damage
* Altered blood antioxidant status

GILL et al., 2007

Anticancer Fresh watercress

* Genotype dependent increase in GPx and SOD enzyme activity

HOFMANN et al., 2009

in red blood cells in GSTM1*0, but not in GSTM1*1

Anticancer and Fresh watercress

antioxidant

* Decrease of exercise induced DNA damage and lipid peroxidation

FOGARTY et al., 2013

Anticancer PEITC

« Inhibition of metabolic activation and lung carcinogenicity of tobacco

YuaN et al., 2016b

GPx, glutathione peroxidase; GSTM1, Glutathion S-Transferase M1; PEITC, phenethyl isothiocyanate.

weeks from April 2017 till November 2017. Cultivation of watercress
was established by testing different substrates (soil, soil/sand mix-
tures, water) and with different concentrations of nutrients (nitrogen
and phosphate) and NaCl.

Glucosinolate measurements by HPLC / LC-MS

GLs were analyzed by HPLC according to BOESTFLEISCH et al.
(2017) with modifications. All standard substances were checked for
identity by LC-MS. The GL contents in the watercress samples were
measured in triplicates.

Human study design and subjects

In a cross-over study, 4 subjects consumed a single dose of 85 g of
fresh watercress (along with 50 ml salad dressing, 50 g iceberg let-
tuce and 50 g cucumber) at breakfast. This amount has been selected
since initial human studies also administered 85 g of raw watercress
daily (GILL et al., 2007; FOGARTY et al., 2013). The diet was com-
pared to a control breakfast (two buns with butter, cheese and 50 g
iceberg lettuce). The study was conducted with healthy, untrained
human subjects (1 male, 3 females, mean age: 28+6; mean BMI:
227+3.5 kg/m?; mean weight: 66+18 kg) who had to complete a
high-intensity training session to induce oxidative stress and a pro-
inflammatory condition. The subjects were asked to refrain from
consuming foods rich in polyphenols, vitamin E and vitamin C (es-
pecially berries, grapes, nuts), 7 days before the start of the study. On
each of the 2 study days, fasting blood was taken from the subjects
in the morning (baseline), followed by the consumption of the test
breakfast (watercress or control). 120 minutes after breakfast, the
subjects completed a 30-minute continuous running based endur-
ance workout combined with bodyweight strength-endurance exer-
cises (burpees, push-ups, squats and sit-ups) at 80% of their maximal
heart rate (HRmax). Participants were instructed to perform 10 reps
of each exercise in between replicated 400 m track runs. Throughout
the workout, the HR was continuously recorded using a Polar A300
Fitness and Activity Tracker with a H7 Bluetooth heart rate sensor
(Polar Electro Oy, Kempele, Finland). Five minutes after the training
session, the second blood draw was taken (5 min post-exercise). The
subjects were allowed to drink water ad libitum.

Concentrations of inflammatory cytokines and MDA were deter-
mined at baseline and 5 min post-exercise. Blood samples were
obtained by venipuncture of an arm vein using Multifly needles
(Sarstedt, Niimbrecht, Germany) into heparin plasma monovettes
(Sarstedt, Niimbrecht, Germany). MDA was analyzed in heparin
plasma using the TBARS Assay Kit from Cayman chemical (Biomol,
Hamburg, Germany) according to the manufactures instructions.
IL-10, IL-6 and TNFa were analyzed in whole blood cultures after
ex vivo immune cell stimulation via lipopolysaccharide (LPS).
Briefly, heparinized blood samples were diluted 1:4 with RPMI
1640 including HEPES and L-glutamine (Sigma-Aldrich, Hamburg,
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Germany) and added antibiotics (100 U/ml penicillin and 100 ug/ml
streptomycin, Sigma-Aldrich, Hamburg, Germany). The blood was
seeded into 12-well microtiter plates and stimulated with 10 ng/ml
(final concentration) of LPS (Sigma-Aldrich, Hamburg, Germany)
or medium alone in duplicates. Blood was incubated at 37 °C for
24 h. After incubation, IL-10, IL-6 and TNFa were simultaneous-
ly quantified in whole blood culture supernatant using a Bio-Plex
Multiplex Immunoassay including a Bio-Plex MAGPIX™ multiplex
reader.

Results

Growth of plants

In 2017, water and plant samples were taken from the outdoor cul-
ture system in Poggenhagen (Fig. 1A) every one to two weeks to
analyze the nutrient requirements and plant constituents of water-
cress (data not shown). The biomass production is strongly dependent
on the temperature and plants accumulate significantly higher con-
tents of calcium and potassium as the season progresses with peaks
reached in mid-summer. To be able to work under controlled condi-
tions, cuttings have been prepared and rooted for propagation in the
greenhouse. In the greenhouse, the watercress can be cultivated all
year-round with constant biomass growth in 1/2-Hoagland nutrient
solution (Fig. 1B). It can also be cultivated on different substrates
(mixture of soil and sand or sand), but then the cultivation requires
more care. The watercress is relatively salt-tolerant, even at about
120 mM NaCl in the nutrient solution, the plants are vital and show
biomass growth (data not shown).

Glucosinolate levels

GLs were analyzed by LC-MS to identify all GLs. Afterwards an
HPLC method was applied using detection at 229 nm to be able to
analyze many samples in a cost-efficient way. A typical chromato-
gram is shown in Fig. 2A. The main GL found in watercress is glu-
conasturtiin (Fig. 2B). The GL contents differ significantly during
the growing season, especially during flowering. Plants grown out-
side show similar contents of gluconasturtiin throughout the grow-
ing season with elevated levels in flowering plants and plants with
developed pods when compared to plants early in the season which
are not flowering. Contents of glucobrassicin, neoglucobrassicin and
glucoarabishirsutain are lower in plants with developed pods later
in the season compared to non-flowering plants early in the season.
The contents of the GL 4-methoxyglucobrassicin on the other hand,
show an increase in flowering plants with pods compared to plants
with flower buds. Overall, the total content of indolic and aliphatic
GLs drops in the course of the season, whereas the content of the
aromatic GLs elevates slightly (Tab. 5). Flowering had even smaller
effects on the GL levels and composition when plants cultivated in
the greenhouse (data not shown).
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Fig. 1: Cultivation of watercress in A) Poggenhagen in the field and in the B) greenhouse.
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Fig.2: A) HPLC chromatogram of a watercress extract. B) Gluconasturtiin (phenethyl glucosinolate, Chem Spider ID 7827641) is the most abundant gluco-

sinolate in the eponymous watercress Nasturtium officinale.

To analyze the degradation of GLs after cutting the plants, freshly
harvested watercress material was stored at 4 °C in the refrigerator
in an inflated plastic bag for 1,2, 3 and 5 d. No significant changes in
the gluconasturtiin content occurred (data not shown).

Anti-inflammatory effects of watercress in humans

A trend for increasing concentrations of IL-10, IL-6, and TNFa in
LPS-treated whole blood and MDA in plasma was observed 5 min
post exercise after the control breakfast suggesting that the exercise
protocol was effective in inducing a pro-inflammatory condition and
oxidative stress, respectively (Fig. 3). Compared to the control break-
fast, the increase of inflammatory cytokines and MDA concentra-
tions 5 min post exercise after the watercress breakfast was lower.
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Discussion

Successful cultivation of watercress in the greenhouse

It was demonstrated that watercress can be cultivated all year round
in a greenhouse on either sandy substrate or in hydroponic nutri-
ent solution. Therefore, it is not necessary to invent a system with
running water. Even without constant aeration watercress produces
large amounts of biomass, even at high nutrient or salt concentra-
tions, which is in agreement with the literature (KADDOUR et al.,
2013; FERNANDEZ et al., 2016). The gain in biomass was strictly
temperature-dependent. Therefore, for an all-year-round cultivation
a greenhouse would be a prerequisite for controlled hydroponic and
aquaponic cultivation.

The content of secondary metabolites changes during the sea-
son. Especially flowering has strong effects on the contents of GL.
Therefore, the development of a watercress cultivation system avoid-
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Tab. 5: Mean concentration of different glucosinolates (GLs) (umol g DW') in watercress in above ground plant material collected at different time points.
Plants were growing in an outdoor aquaponic system and harvested to analyze changes in GL contents in the course of the season and developmental

stage of the plants. The standard deviation represents the values for three biological replicates.

Sampling date 4-Methoxy- Glucobrassicin Neo- Gluco- Gluconasturtiin
glucobrassicin glucobrassicin arabishirsutain
12.5.2017 0.144 = 0.060 0.123+0.012 0.063+0.011 0.659 +0.117 5.028 £ 0.606
19.5.2017 0.128 £ 0.007 0.075 +0.009 0.04 +0.003 0457 +0.111 5427 +0.232
26.5.2017* 0.122+0.018 0.109 +0.026 0.041 £0.110 0.390 +0.127 4.882+0.782
09.6.2017** 0.176 £0.022 0.09+0.016 0.041 £0.017 0.369 +0.106 6.017 £0.310
16.6.2017 0.187 £0.035 0.072+0.010 0.043 £0.027 0.298 +0.146 6418 £0.229
23.6.2017%%* 0.167 £0.079 0.038 £0.028 0.031+0.011 0219 +0.075 5.101 £1.691
*first flowers, **many flowers, ***no flowers anymore.
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Fig. 3: Effect of acute watercress consumption on blood markers of inflammation (IL-10, IL-6, TNF) and oxidative stress/lipid peroxidation (MDA) after
high-intensity training in untrained subjects (n=4). MDA levels were measured in heparin plasma. Inflammatory cytokines were measured in ex vivo

LPS-stimulated whole blood cultures.

ing flowering at all would be preferable. Temperature probably also
contributes to changes in GL content and pattern, since contents seem
to be influenced not only by daytime temperature, but also by the
difference between daytime and nighttime temperature (ENGELEN-
EIGELS et al., 2006).

Anti-inflammatory effects of watercress in humans — a new
approach

Anti-inflammatory effects of watercress have not yet been investi-
gated in humans. Isothiocyanates in general have been shown to
possess anti-inflammatory properties through the regulation of cyto-
kines of the TNF family primarily via activation of the NF-xB path-
way (HEISS et al., 2001; WIERINCKX et al., 2005; DEY et al., 20006;
KARMAKAR et al., 2006). Also, studies with knockout mice showed
that the nuclear factor erythroid 2-related factor 2 (Nrf2) plays an
important role in the anti-inflammatory and antioxidative effects of
PEITC (BOYANAPALLI et al., 2014).
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Although, the differences of IL-10, IL-6, TNFo and MDA concentra-
tions between control and watercress were not statistically significant
due to high interindividual differences and a low case-number, the
results of the present pilot study can be interpreted as a trend towards
an anti-inflammatory and antioxidant effect of fresh watercress even
at a single dose. Measurable effects after a single dose of watercress
were also shown by FOGARTY et al. (2013). In particular, the ap-
plied model for the induction of oxidative stress and inflammation
in combination with cytokine analysis in whole blood cultures after
ex vivo immune cell stimulation appears applicable to the relevant
question. To consolidate these preliminary results, we plan to apply
the outlined study protocol with a larger sample size over a longer
intervention time in future studies. In addition, studies with patients
suffering from diseases associated/accompanied with increased oxi-
dative stress and inflammation (e.g. asthma) are planned. In these
studies, additional biomarkers are necessary to examine the benefi-
cial effects of watercress on human health. However, long-term stu-
dies with fresh watercress are difficult to realize due to its sharp taste,



238

J.P. Schuchardt, A. Hahn, T. Greupner, P. Wasserfurth, M. Rosales-Lopez, J. Hornbacher, J. Papenbrock

gastric discomfort causing effects (two subjects complained about
slight gastric discomfort after the watercress consumption), limited
shelf life, and elaborate logistics in the daily distribution.

Conclusion/Outlook

As demonstrated, watercress can be successfully cultivated all year
round in the greenhouse without a reduction in its valuable contents.
To optimize the utilization of nutrients, the hydroponic culture will
be combined with the cultivation of fish in one greenhouse in the near
future. To circumvent the problem of limited shelf life other methods
will be developed to provide humans with the valuable metabolites
of watercress.

The human pilot study indicates that fresh watercress has positive
effects on oxidative stress and inflammatory markers under induced
pro-oxidative and pro-inflammatory conditions. Future long-term
intervention studies with larger collectives must be carried out
to confirm these results. In the ongoing project we aim to develop
watercress dosage forms to overcome these obstacles. Processing
technologies like gentle freeze-drying, grinding, subsequent encap-
sulation and gastric juice resistant coatings appear proper to ensure
high tolerability, preservation of valuable ingredients (primarily glu-
conasturtiin and myrosinase), high bioavailability and compliance in
long-term intervention studies. In future clinical studies with water-
cress extracts, the dose and duration must be carefully considered. A
recent study observed an effect of PEITC in high concentrations on
accumulation of reactive oxygen species and cytoskeletal changes,
resulting as a consequence of cytotoxicity (DAYALAN NAIDU et al.,
2018).
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Abstract: The vegetable watercress (Nasturtium officinale R.Br.) is, besides being a generally nutritious
food, a rich source of glucosinolates. Gluconasturtiin, the predominant glucosinolate in watercress,
has been shown to have several health beneficial properties through its bioactive breakdown prod-
uct phenethyl isothiocyanate. Little is known about the immunoregulatory effects of watercress.
Moreover, anti-inflammatory effects have mostly been shown in in vitro or in animal models. Hence,
we conducted a proof-of-concept study to investigate the effects of watercress on the human im-
mune system. In a cross-over intervention study, 19 healthy subjects (26.5 + 4.3 years; 14 males,
5 females) were given a single dose (85 g) of fresh self-grown watercress or a control meal. Two hours
later, a 30 min high-intensity workout was conducted to promote exercise-induced inflammation.
Blood samples were drawn before, 5 min after, and 3 h after the exercise unit. Inflammatory blood
markers (IL-1f3, IL-6, IL-10, TNF-«, MCP-1, MMP-9) were analyzed in whole blood cultures after
ex vivo immune cell stimulation via lipopolysaccharides. A mild pro-inflammatory reaction was
observed after watercress consumption indicated by an increase in IL-1§3, IL-6, and TNF-o, whereas
the immune response was more pronounced for both pro-inflammatory and anti-inflammatory
markers (IL-13, IL-6, IL-10, TNF-«) after the exercise unit compared to the control meal. During
the recovery phase, watercress consumption led to a stronger anti-inflammatory downregulation of
the pro-inflammatory cytokines IL-6 and TNF-«. In conclusion, we propose that watercress causes
a stronger pro-inflammatory response and anti-inflammatory counter-regulation during and after
exercise. The clinical relevance of these changes should be verified in future studies.

Keywords: watercress; cruciferous vegetables; glucosinolates; gluconasturtiin; anti-inflammatory;
pro-inflammatory

1. Introduction

With the revival of domestic greens watercress (Nasturtium officinale R.Br.), a member of
the Brassicaceae family, gains a growing interest in science. The semi-aquatic plant species
native to Europe and Asia is often consumed as a salad or garnish, or as part of a soup,
especially in the Mediterranean kitchen. It is valued for its high nutrient density caused
by a low energy content and high amounts of vitamins (B1, B2, B3, B6, C, E), minerals
(calcium, iron), and phytochemicals (polyphenols, terpenes) [1-3]. Like all members of the
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Brassicaceae family, watercress contains mustard oil glycosides or glucosinolates (GLS), of
which gluconasturtiin is the predominant GLS in watercress. As a precursor, it is converted
into the bioactive compound phenethyl isothiocyanate (PEITC) upon tissue disruption due
to the action of the thioglucosidase myrosinase.

Several studies investigated the health beneficial effects of watercress and PEITC
including antioxidative, anti-inflammatory, antidiabetic, anti-allergic, antibacterial, hy-
polipemic, cardioprotective, and anticancer effects (reviewed in [2]). While most of these
effects have been observed in vitro or in animal studies, only a few human intervention
studies with watercress have been carried out. Moreover, human intervention studies
that administered watercress have mainly focused on antioxidative [4,5] and anticancer ef-
fects [6]. The influence of watercress on the immune system, in particular anti-inflammatory
activity, has barely been investigated in human studies thus far. There has yet been no con-
firmation that watercress and its ingredients gluconasturtiin/PEITC act in a similar way in
humans compared to effects observed in vitro, namely, by inhibiting the pro-inflammatory
nuclear factor kappa B (Nf«B) pathway [7]. Because the NfkB pathway can be stimulated
directly by reactive oxygen species (ROS) [8] or indirectly by the ROS-dependent heat shock
response [9,10], antioxidants might attenuate the exercise-induced inflammation [11]. As a
consequence, it is necessary to determine the levels of antioxidants and their capacity in
watercress. Moreover, it remains unknown as to whether other gluconasturtiin metabolites
are formed in vivo and how they contribute to an antioxidative effect such as that indicated
for benzenepropanenitrile [12].

We performed a pilot study with four subjects to examine the effect of a single dose of
fresh watercress on various biomarkers of exercise-induced inflammation [13]. On the basis
of the results of that previous study, where we observed indications for anti-inflammatory
effects, we conducted this follow-up study with a greater number of subjects to further
characterize the inflammatory response of watercress consumption. After consuming
85 g of fresh watercress, untrained subjects had to complete a high-intensity workout to
induce a pro-inflammatory condition. Inflammatory blood markers (IL-1f3, IL-6, IL-10,
TNF-o, MCP-1, MMP-9) were analyzed in whole blood cultures after ex vivo immune cell
stimulation via lipopolysaccharides (LPS).

2. Materials and Methods
2.1. Plant Material

The administered watercress (Nasturtium officinale) was obtained from the Institute of
Botany, Leibniz University Hannover. Cuttings were taken for propagation and cultivated
in a hydroponic greenhouse system using a Hoagland solution. After 8 weeks, the plant
material was harvested freshly on a daily basis. Following a 45 min wet transport, it was
cut as little as necessary for consumption.

2.2. Analysis of Glucosinolates by HPLC/LC-MS

GLS were analyzed by HPLC-UV according to Hornbacher et al. [14]. The GLS
content of the watercress samples were measured in triplicate. All standard substances
were checked for identity. For the identification of the GSL in N. officinale, samples were
analyzed by liquid chromatography-mass spectrometry (LC-MS). A volume of 10 uL
was injected into the HPLC system (Shimadzu, Darmstadt, Germany) and separated on a
Knauer Vertex Plus column (250 x 4 mm, 5 pm particle size, packing material ProntoSIL
120-5 C18-H) equipped with a pre-column (Knauer, Berlin, Germany). A water (solvent
A)-methanol (solvent B), both containing 2 mM ammonium acetate, gradient was used
with a flow rate of 0.8 mL/min at 30 °C. For measuring the samples, the following gradient
was used: 10-90% B for 35 min, 90% for 2 min, 90-10% B for 1 min, and 10% B for 2 min.
Detection of the spectra in the range 190-800 nm was performed with a diode array
detector (SPD-M20A, Shimadzu, Darmstadt, Germany). The HPLC system was coupled
to an AB Sciex TripleTOF mass spectrometer (AB Sciex TripleTOF 4600, Canby, OR, USA).
At a temperature of 600 °C and an ion spray voltage floating of —4500 V, the negative
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electrospray ionization (ESI) was performed. For the ion source gas one and two 50 psi
were used and for the curtain gas 35 psi. In the range of 100-1500 Da in the TOF range,
the mass spectra as well as the MS/MS spectra from 150-1500 Da at a collision energy
of —10 eV were recorded. Peaks were identified by analyzing the characteristic mass
fragments of ds-4-methoxyglucobrassicin (195, 398, 433, 795) and ds-glucoarabishirsutain
(195, 382, 417, 763). Due to lack of standards of the GSLs fractions of the measured samples
were collected in a fraction collector (FRC-10A Shimadzu, Darmstadt, Germany), dried in a
vacuum centrifuge, and dissolved in 300 uL ultrapure water. The retention time for every
GSL was determined by measuring either the collected fraction or the authentic standard
(Phytolab, Vestenbergsgreuth, Germany) with the HPLC system, as described above.

2.3. Measurement of Antioxidant Contents and Antioxidant Capacity

The measurements of carotenoid, total phenol and total flavonoid contents, as well
as the measurement of the oxygen radical absorbance capacity (ORAC), were performed
according to Boestfleisch et al. [15].

Tocopherol contents were analyzed according to Cruz et al. [16] with modifications.
Small portions of finely ground fresh sample (1.0 g) were weighed accurately into amber
glass vials containing ascorbic acid (50 mg), butylated hydroxytoluene (1 mg), and internal
standard (1 pg d-tocopherol). Samples were homogenized with methanol (2 mL) by vortex
mixing for 1 min. Then, dichloromethane (4 mL) was added and vortex-mixed for 1 min.
Subsequently, 0.9% (w/v) NaCl (1 mL) was added, the mixture was homogenized (1 min)
and centrifuged (3 min, 14,000x g), and the clear lower layer was transferred to an amber
flask. Extraction was repeated twice with dichloromethane. The extracts were combined
and vacuum-dried in a vacuum centrifuge (Eppendorf, Hamburg, Germany) at 25 °C. The
extract was recovered with 1 mL of n-hexane and anhydrous sodium sulfate was added
(around 100 mg). After an additional centrifugation (5 min, 14,000 x g), the supernatant
was analyzed immediately. Analysis was performed with an HPLC system equipped
with a Nucleodur C18 column (250 mm x 4.6 mm; Macherey-Nagel, Diiren, Germany).
Tocopherols were separated with an isocratic gradient consisting of 90% n-hexane and 10%
diethyl ether at room temperature and a flow rate of 1 mL/min. Analytes were monitored
with a fluorescence detector (Shimadzu, Duisburg, Germany). Excitation was performed at
289 nm and fluorescence of analytes was analyzed at 331 nm.

2.4. Human Study Design and Subjects

An overview of the timeline of the study and the interventions in particular is shown
in Figure 1. The inclusion criteria of the cross-over study were age between 18 and 35 years,
BMI between 18 and 30 kg/ m?2, and less than two hours of moderate exercise per week,
classifying these participants as untrained. For the questionnaire-based assessment of the
training status, we factored in leisure time physical activities such as jogging or weight-
lifting, as well as daily non-athletic exertions such as movement by foot or bike. The
exclusion criteria were cardiovascular or metabolic disease, smoking, pregnancy, drug
or alcohol dependency, concurrent participation in another clinical trial or in another
study within the last 30 days, and intake of antioxidative or antiphlogistic medicine or
dietary supplements.

32



Foods 2021, 10, 1774

40f12

Assessed for eligibility Standardized
(n=44)
included (n = 19) breakfast
i 85 g iceberg lettuce
7 day run-in/ or
washout period 85 g watercress
i 2 hours (t0) |
Intervention \
control :> o
i 30 min cycling £
Q.
S
7 day 3
washout period S min (1) N 1§
l @
3 hours (t2)

Intervention :
watercress

Figure 1. Flow diagram showing the timeline of the study.

As part of a run-in/washout phase, subjects refrained from consuming foods rich in
polyphenols, vitamin C and E (mainly berries, nuts, and vegetables of the Brassicaceae
family) seven days before each examination. To ensure compliance, participants received
written instructions and a list of foods that should not be consumed. On the basis of
the consumed amount in similar studies [4,5,13], subjects ate a single dose of 85 g of
fresh watercress accompanied by a standard breakfast (two buns, cream cheese or oat
spread, yoghurt or balsamic dressing). In the control group, 85 g of iceberg lettuce was
administered instead. Two hours after consumption, the first blood sample (t0) was taken.
Immediately after blood draw, the subjects completed a 30 min high-intensity endurance
workout on echo bikes within a parameter range of 80-92% HRpax, 120-145 W, and a final
rating of perceived exertion of 17.8. Throughout the workout, heart rates were recorded
using a heart rate monitor watch with a Bluetooth heart rate sensor chest strap (RC 14.11,
Sigma-Elektro, Neustadt, Germany). Additional blood samples were taken 5 min (t1) and
3 h (t2) after the end of the exercise. The subjects were served a lunch in the meantime
consisting of a potato soup. All blood samples were obtained by venipuncture of an
arm vein using Multifly needles (Sarstedt, Niirnbrecht, Germany) into heparin plasma
monovettes (Sarstedt, Niirnbrecht, Germany). To assure that subjects did not enter the
examination with elevated inflammatory markers due to an infection, we determined C-
reactive protein in serum using serum monovettes (Sarstedt, Niirnbrecht, Germany). Both
interventions (control and watercress) were conducted identically with an intermediary
washout phase of 7 days.

The study was carried out following the rules of the Declaration of Helsinki and was
approved by the Ethics Committee at the Medical Chamber of Lower Saxony (30/37/2020,
Hannover, Germany, 10/2020).

2.5. Measurement of Inflammatory Markers by Bio-Plex Multiplex Immunoassay

The freshly drawn blood samples were stimulated ex vivo in whole blood cultures
via lipopolysaccharides (LPS). Therefore, samples were immediately diluted 1:5 with
the cell culture medium RPMI 1640 including 20 mmol HEPES and L-glutamine (Sigma-
Aldrich, Hamburg, Germany) and added antibiotics (100 U/mL penicillin and 100 ug/mL
streptomycin; Sigma-Aldrich, Hamburg, Germany). The samples were seeded into 12-well
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microtiter plates and mixed with 10 ng/mL (final concentration) LPS from Escherichia
coli (Sigma-Aldrich, Hamburg, Germany). The plates were incubated for 24 h at 37 °C
without a CO, application. The used HEPES buffer is able to stabilize the pH over 24 h.
The supernatants were frozen at —80 °C until analysis.

The levels of the inflammatory markers (IL-1f, IL-6, IL-10, TNF-&, MCP-1, MMP-9) in
whole blood culture supernatant were simultaneously determined using a human Magnetic
Luminex Assay (Bio-Techne, Abingdon, Oxon, UK) and a Magpix Luminex instrument
(Luminex Corp, Austin, TX, USA).

2.6. Data Analysis and Statistical Methods

Data are presented as the means + standard deviation. All variables were tested for
normal distribution by Shapiro-Wilk test. In the case of not normally distributed data, a
suitable transformation was applied, and parametric tests were used. Differences among
inflammatory markers were analyzed using ANOVA with repeated measures. In addition,
groups were compared using a t-test for dependent means. To calculate correlations,
we utilized Pearson correlation (parametric data) and Spearman’s rho correlation (non-
parametric data). Statistical significance was regarded as values of p < 0.05. Analyses were
conducted using Infostat (version 2012; University of Cérdoba, Cérdoba, Argentine) and
SPSS (version 27; SPSS Inc., Chicago, IL, USA).

3. Results

Of the 21 recruited subjects, 19 completed the study (Table 1). Incomplete study
data were excluded from statistical analyses. One subject failed to participate because of
illness. Another subject showed increased serum levels of C-reactive protein (>0.5 mg/L),
indicating an elevated systemic inflammation. No health- or workout-related incidents
occurred during the study, with the exception of one subject taking a two-minute break
from the exercise due to total exhaustion.

Table 1. Characterization of the study population.

Parameters
Sex (n, females/males) 5/14
Age (years) 26.5+4.3
Weight (kg) 729 +125
Height (m) 1.77 £+ 0.09
BMI (kg/m?) 233435
WHR (females/males) 0.74 4+ 0.04/0.84 + 0.05

BMI = body mass index, WHR = waist-to-hip ratio.

3.1. Plant Material
3.1.1. Levels of Glucosinolates

Gluconasturtiin was recognized as the predominant GLS in watercress with a fraction
of 90.5 £ 1.1% of the total GLS content. In addition, minor amounts of glucoarabishir-
sutain (5.3 & 0.8%), glucobrassicin (1.4 £ 0.4%), neoglucobrassicin (1.4 + 0.3%), and
4-methoxyglucobrassicin (1.4 & 0.4%) were found (Figure 2, Table Al). In the course of the
study, GLS contents varied notably with the most impactful difference in gluconasturtiin
of 36% at day 3 compared to the previous day. This resulted in a difference of 34% of the
total GLS content while maintaining the partial composition of the GLS profile.
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Figure 2. Mean concentration of different glucosinolates (GLS) (nmol/g DW) in watercress at
different sampling times. The standard deviation represents the values for three technical replicates.
Analysis of variance (ANOVA) was performed with Infostat. Means with a common letter are not
significantly different.

3.1.2. Levels of Antioxidants and Antioxidant Capacity

Contents of flavonoids as well as ascorbic acid in analyzed watercress were similar at
all sampling days (Table A2). Contents of total phenols were slightly higher in samples
taken at day 3 and day 4, whereas carotenoid contents were slightly higher at day 2 and
day 4. Tocopherol contents as well as ORAC were similar at all sampling days.

3.2. Levels of Inflammatory Blood Markers

Statistical analysis using the ANOVA with repeated measures showed significant
differences between the sampling times for all analyzed parameters (p < 0.001). Hence, the
acute exercise affected concentrations of all measured inflammatory markers. In addition,
the same analysis pointed out that the consumption of watercress led to significant differ-
ences for the levels of IL-1§3, IL-6, and IL-10 across all sampling times (IL-1§3 (p = 0.006), IL-6
(p =0.006), IL-10 (p < 0.001)). The remaining parameters showed no significant differences
(TNF-« (p = 0.382), MCP-1 (p = 0.192), MMP-9 (p = 0.118)). With regards of the varying GLS
levels of the plant material, no correlations with the inflammatory markers were found.

Significantly higher concentrations of the pro-inflammatory cytokines IL-13 (16%),
IL-6 (33%), and TNF-a (30%), as well as the enzyme MMP-9 (22%), were observed in the
watercress group compared to the control group two hours after the watercress consump-
tion (t0) (Figure 3, Table A3). Upon exercise-stimulation (t1), the control group showed
a significant rise in all inflammatory markers, specifically IL-6 (33%), IL-10 (47%), MCP-
1 (63%), and MMP-9 (53%) with IL-1 and TNF-« showing no reaction. Compared to
the control breakfast, levels of IL-13, IL-6, IL-10, and TNF-« were significantly higher
after the watercress breakfast (31%, 32%, 51%, and 23%, respectively). To determine if
the consumption of watercress resulted in a stronger increase of the cytokines regardless
of the pre-exercise levels, we compared the differences (t1 — t0). Thereby, a significant
stronger upregulation of the anti-inflammatory cytokine IL-10 was found. After the recov-
ery phase (t2), all inflammatory markers except MMP-9 decreased. A comparison of the
differences (t2 — t1) between the watercress and the control group revealed a significantly
stronger downregulation of the pro-inflammatory cytokines IL-6 and TNF-« and a trend
in IL-1B (p = 0.062). In the case of TNF-«, the level at t2 was even lower compared to
the pre-exercise state of the control group. This post-exercise downregulation can also
be observed in the ratio of the anti-inflammatory IL-10 and the pro-inflammatory IL-13
(Figure 4). The watercress consumption influenced the ratio 3 h after exercise towards the
anti-inflammatory reaction.
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Figure 3. Effect of acute watercress consumption on blood markers of inflammation (IL-1f3, IL-6, IL-10, TNF-o, MCP-1,
MMP-9) in ex vivo LPS-stimulated whole blood cultures after high-intensity workout in untrained subjects. t0, pre-exercise;
t1, 5 min post-exercise; t2, 3 h post-exercise. Analysis of variance (ANOVA) was performed with SPSS. * Significant
difference between control and watercress. # Significant difference to previous sampling point.
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Figure 4. Effect of acute watercress consumption on the ratio of IL-10 (anti-inflammatory) and IL-13
(pro-inflammatory). t0, pre-exercise; t1, 5 min post-exercise; t1, 3 h post-exercise. Analysis of variance
(ANOVA) was performed with SPSS. * Significant difference between control and watercress.

4. Discussion

Many food compounds are known to assure the maintenance of the immune system or
improve its performance [17]. By interacting with ROS or affecting cytokine biology, their
intake can modulate immune function. A wide variety of anti-inflammatory nutrients has
been investigated thus far. While many act as antioxidants and, hence, indirectly modulate
the ROS-dependent Nf«kB activation [18] such as ascorbic acid, glutathione, or carotenoids,
others operate as pro-resolving mediators such as omega-3 fatty acids [19].

A common misconception is that pro-inflammatory processes at all times need to be
annihilated to prevent the body from harm. Similar to oxidative stress, pro-inflammatory
processes can have both detrimental and beneficial effects to the human body. When
inflammatory processes become chronic, they often have negative impacts. Chronic low-
grade inflammation is associated with a wide range of chronic conditions, such as the
metabolic syndrome, cardiovascular disease, type 2 diabetes, and non-alcoholic fatty liver
disease. However, if the body is able to resolve inflammatory processes, they can provide
signals for adaptation in physiological contexts such as sport [20]. In its acute form, it is
generally a beneficial procedure, which removes stimuli and initiates the repair system.
As the first line of defense, pro-inflammatory cytokines such as IL-1f3, IL-6, and TNF-
« promote the activation and secretion of more cytokines and acute-phase proteins as
well as the proliferation and differentiation of T- and B-cells. The time-delayed increase
of the cytokine IL-10 has been widely recognized as a suppression of the inflammatory
response by its downregulating effects on TNF-oc and IL-1 [21-23]. The immune system acts
through a fluctuation between a pro-inflammatory response and an anti-inflammatory or
inflammation resolving counter-regulation. An increase in the magnitude of the fluctuation
could be interpreted as positive for the capacity of the system. Thus, a mild activation of
the immune system through dietary components might aid in resolving inflammation by
a preceding mobilization. We assume that this immunomodulating effect also applies to
watercress and its ingredients.

Upon exercise- and LPS-stimulation, a solid, non-excessive immune reaction was
observed in IL-6 and IL-10, with a greater response after the watercress consumption.
Interestingly, the subsequent inflammatory counter-regulation of IL-6, TNF-«, and IL-1f3
was more pronounced in the watercress group, which likely was a result of the higher
exercise-induced levels of IL-10. This shift towards an anti-inflammatory response after
the watercress consumption was supported by the increased ratio of IL-10 and IL-13. Our
results suggest that watercress intake stimulates the immune system, which might enhance
its metabolic capacity. The finding that the consumption of watercress causes an initial pro-
inflammatory reaction followed by a greater exercise-induced response in both pro- and
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anti-inflammatory markers is remarkable and has not been observed thus far. We assume
that gluconasturtiin, in particular PEITC, is responsible for the observed immunomodulat-
ing effect, where PEITC might operate as an activator in T-lymphocytes or macrophages
or their receptors and thereby stimulates or sensitizes the cytokine production. It is also
conceivable that PEITC activates the heat shock response, which leads to a stimulation of
the pro-inflammatory Nf«B pathway [24]. Another explanation is that specific components
of watercress might interfere with the immunometabolism and thereby stimulate its func-
tion. Although the average contents of secondary metabolites besides gluconasturtiin and
the ORAC are in the lower range of vegetables, it is likely that the observed effects are
mainly caused by the GLS. The extraction procedure for the evaluation of the ORAC uses
methanol as organic solvent, which inhibits the hydrolysis of gluconasturtiin to PEITC.
However, PEITC would contribute only very little to the overall ORAC, since its capacity to
scavenge ROS was reported to be 1.9 ug TE/mg PEITC [25]. The levels of gluconasturtiin
in the obtained watercress resemble the results of the pilot study [13] and were in the same
range of reported contents for raw watercress [26].

In contrast to our results, PEITC and watercress extracts have thus far been shown
to possess only anti-inflammatory and no pro-inflammatory properties [27-31]. The pilot
study, on which this investigation is based on, aligns with these observations [13]. In vitro
studies presume the mechanism behind this effect of PEITC in the inhibition of the pro-
inflammatory Nf«kB pathway in macrophages, possibly through the modulation of toll-like
receptors [31-33]. Due to the redox-sensitivity of Nf«B, the activation of the antioxidative
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway by PEITC plays a considerable
role in its anti-inflammatory effect [34]. Previous human intervention studies have fo-
cused mainly on those antioxidative effects of watercress. They showed that a regular
consumption as well as a single dose of watercress reduces the oxidative stress in various
biomarkers [4,5]. On the basis of the antioxidative and thereby assumed anti-inflammatory
effects, the outcome of this study does not align with the previous literature. Although
PEITC is able to promote oxidative stress at very high concentrations, presumably acting as
a scavenger for glutathione [35], it remains debatable as to whether a single dose of 85 g of
watercress provides the body with the necessary range of concentration. In consequence of
the redox-sensitivity of Nf«B, an initial pro-oxidative effect after the consumption of water-
cress could explain the simultaneously increased cytokine levels of IL-1f, IL-6, and TNF-«.
The pro-oxidative state would be further enhanced by the exercise, which subsequently
results in an even more pronounced pro-inflammatory response in the watercress group
and a stronger induction of the counter-regulatory Nrf2-mediated antioxidant response
that is observed in the recovery phase.

5. Conclusions

The course of inflammatory markers after the watercress consumption with initially
increasing pro-inflammatory markers and a higher release of an anti-inflammatory marker
in the recovery phase has not yet been described in the literature. We interpret this observa-
tion with a mild activation of the immune system resulting in a stronger pro-inflammatory
reaction, which is more effectively resolved by a powerful anti-inflammatory counter-
regulation. This thesis and the clinical relevance have to be investigated in future studies.
Moreover, cell culture studies are necessary to explore the underlying effects of water-
cress components on leukocytes. Likewise, it must not be ignored that the immune cells
were stimulated ex vivo by LPS. The results and the possible effects on the immune sys-
tem can therefore not be directly transferred to the situation in vivo. Because watercress
is a complex food with considerable amounts of other potentially immunomodulating
substances besides PEITC, a causal relationship between the observed effects and gluconas-
turtiin/PEITC cannot be stated. A clinical trial with isolated gluconasturtiin/PEITC should
be conducted in order to confirm the effect and whether its magnitude is influenced by
other components. The variable GLS levels of watercress show the need for developing
standardized extracts or supplements. Thereby, future clinical trials are provided with a
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Appendix A

standardized GLS dosage and can overcome logistic and sensory barriers of administering
raw watercress.
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Table Al. Mean concentration of different glucosinolates (GLS) (nmol/g DW) in watercress at different sampling times.
The standard deviation represents the values for three technical replicates. Analysis of variance (ANOVA) was performed
with Infostat. Means with a common letter are not significantly different.

GLS Day 1 Day 2 Day 3 Day 4
4-Methoxyglucobrassicin 468 £2.12 70.6 + 5.0 P 101.3 £ 8.3 101.5 + 6.3
Glucobrassicin 793 +£222 87.8 £3.22 905+ 162 56.6 +1.32
Neoglucobrassicin 76.6 £1.4°2 764 +3.72 855+ 172 713 +332
Glucoarabishirsutain 2135 +262 296.4 + 12.4 20 379.6 +10.1° 311.8 +11.82
Gluconasturtiin 4525 + 452 4393 + 1802 5966 + 266 2 5655 + 196 2
Total 4942 + 462 4924 + 2012 6623 + 2852 6196 + 2152

Table A2. Mean contents of antioxidative substances (total flavonoids and phenols, ascorbic acid, «- and y-tocopherol) and
antioxidative capacity (ORAC) in watercress at different sampling times. The standard deviation represents the values for
three technical replicates. Analysis of variance (ANOVA) was performed with Infostat. Means with a common letter are not

significantly different.

Parameters Day 1 Day 2 Day 3 Day 4
Total flavonoids (ng CE/g FW) 415+20° 470 + 43 20 509 + 49 b 529 + 46°
Total phenols (ng GAE/g FW) 832417 980 + 90 &P 1145 + 42° 1178 + 128
Ascorbic acid (ug/g FW) 578 +£31° 638 £ 552 750 + 852 687 +312
Carotenoids (ug/g FW) 849 +882 1089 +£7.72 90.3 +22472 1189 +16.32
o-Tocopherol (ug/g FW) 3.63£0.027 511+011° 5.58 +£0.17° 527 +£0.03°
y-Tocopherol (ng/g FW) 70.8 £552 869 £042 724 +3.6° 60.6 +5.12
ORAC (umol TE/g FW) 19.6 £2.7° 203+1.1°2 214 +£152 207 £242

CE = catechin equivalents (standard curve was performed with catechin), GAE = gallic acid equivalents (standard curve was performed
with gallic acid), ORAC = oxygen radical absorbance capacity, TE = trolox equivalents (standard curve was performed with trolox).
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Table A3. Effect of acute watercress consumption on blood markers of inflammation (IL-1f, IL-6, IL-10, TNF-«, MCP-1,
MMP-9) in ex vivo LPS-stimulated whole blood cultures after high-intensity workout in untrained subjects.

Parameter Control Watercress
t0 t1 [) t0 t1 t2
IL-1B (ng/mL) 2.40 + 0.98 * 266 +1.26* 1.98 +0.90* 277 +0.82* 347 + 1.45*# 2.06 +0.75 *
IL-6 (ng/mL) 409+ 154*  573+1.73*% 429 +155% 5434+ 1.73* 7.56 & 2.25 *# 391 +1.59
IL-10 (pg/mL) 98.0+42.6  1445+703*% 1137 +£732* 107.6 +£48.1 2178 +1033*%  166.6 + 89.2 #
TNF-« (pg/mL) 3283 +228.1* 32804 1405% 296.6+141.1*% 4280+1793% 4034+ 1632*% 2053 4 126.1**
MCP-1 (ng/mL) 320+ 1.73 489+239% 3944 157%* 3.02 +1.52 4.67 +291 3.60 + 1.96 **

MMP-9 (ng mL) 86.6 - 21.5* 1322 +465%  2102+503%  1055+£283* 133.9 £ 29.2# 202.0 + 452 *#

t0, pre-exercise; t1, 5 min post-exercise; t2, 3 h post-exercise. * Significant difference between control and watercress. # Significant difference
to previous sampling point.
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Summary

Moringa oleifera is considered to be one of the most valuable and
beneficial crop tree species. The great nutritiousness is assigned to
its high leaf protein content, and its health-promoting effect to the
anti-carcinogenic properties of its genuine glucosinolates and their
degradation products.

From a plant physiological perception protein contents of 30%
seem to be quite high. Accordingly, a reconsideration of these find-
ings became necessary. The related inquiry unveils that also in the
leaves of many other plant species such high protein contents are
reported, provided that they are quantified by Kjeldahl nitrogen de-
terminations. But, it is rather likely that the nitrogen accounting for
the putative high protein contents is due to insoluble cell wall bound
hydroxyproline-rich glycoproteins. Due to their extreme insolubility,
these compounds cannot be digested easily, and thus, they do not
contribute to the nutritiousness of M. oleifera leaves.

In contrast to classical glucosinolates, those occurring in M. oleifera
are characterized by an attachment of a rhamnose to the aglycone.
In consequence, the products generated during the myrosinase-cata-
lysed hydrolysis correspond to non-volatile rhamnosides of isothio-
cyanates. Since over time, olfactorily active substances emerge, the
rhamnose moiety has to be cleaved off, putatively by a corresponding
rhamnosidase.

Key words: Glucosinolates; Moringa oleifera; protein contents.

Introduction

Moringa oleifera Lam. is considered as a valuable and beneficial crop
plant, and especially the leaves of this tree species are consumed and
employed all over the world for nutrition and health care (ANWAR
et al., 2006; FALOwO et al., 2018). Whereas their high nutritional
value is particularly attributed to the tremendously high protein
content (MAKKAR and BECKER 1997; MoYo et al., 2011), the reports
on the health beneficial effects (PATEL et al., 2010; JUNG, 2014) are
primarily based on the exceptional glucosinolates (RAzIS et al.,
2014), which are present in high concentrations in M. oleifera leaves
as well as on various antioxidants (DA SILVA ALVES et al., 2017),
vitamins and minerals (PATEL et al., 2010; MOYO et al., 2011; RAZIS
et al., 2014). This case study focuses on the high protein content and
on the unusual glucosinolates.

The “‘extremely high protein content” of M. oleifera leaves

In many popular scientific papers M. oleifera is denoted as the “most
nutritious plant of the world” because of the high protein contents
of its leaves, ranging from 25% to over 30% (d.w.) (e.g2. DHAKAR
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et al., 2011; MBAILAO et al., 2014; TEIXEIRA et al., 2014, BIEL et al.,
2017). However, from a plant physiological perception such putative
tremendous high protein concentrations seem to be weird. In con-
trast to seeds, which represent storage organs exhibiting a retarded
metabolism, in photosynthetically active organs an extremely high
protein concentration is not reasonable. Accordingly, related state-
ments have to be challenged. A thorough review of the relevant
literature unveils that the estimation of the putative protein content
of M. oleifera leaves is always based on the quantification of the to-
tal nitrogen, either determined by basic Kjeldahl analyses (MAKKAR
and BECKER, 1996; MBAILAO et al., 2014; BIEL et al., 2017) or by
applying the Dumas method (OLSON et al., 2016). Provided that the
reported tremendously high protein concentration for M. oleifera
leaves would be due to authentic genuine proteins, their quantity
should also be evaluated on the basis of the amount of amino ac-
ids, which are liberated in the course of a complete hydrolysis of the
proteins. Alternatively, the proteins should easily be detected in cor-
responding electrophoretic analyses. In this approach, in addition to
Kjeldahl-based protein quantifications, we estimated the M. oleifera
leaf proteins on the basis of the amino acids liberated in the course
of an acidic hydrolysis as well as by various electrophoretic analyses.

The unusual glucosinolates of M. oleifera leaves
Leaves of M. oleifera exhibit very unique glucosinolates (AMAGLO
etal., 2010), which in particular, correspond to rhamnosyl derivatives

of sinalbin (Fig. 1).
5 S-glucose

RO—@-CHZ-C\\ Ro—@-cuz-ncs
N-0-S05"

R =rhamnose: “moringin”

R =rhamnose: glucomoringin

myrosinase

e

glucose

R = O-acetyl-rhamnose (3 isomers):
acetyl-glucomoringin

R = O-acetyl-rhamnose:
acetyl-moringin

Fig. 1: Structure of the M. oleifera glucosinolates and the related isothio-

cyanates.

The particular isothiocyanate (4-(a-L-rhamnopyranosyloxy)-benzyl-
isothiocyanate, Fig. 1) released in the course of myrosinase-cata-
lysed cleavage of glucomoringin is frequently denoted as moringin
(e.g. MULLER et al., 2015; KARIM et al., 2016). However, the name
moringin is fallacious and misleading, since the hitherto described
glucomoringin does not represent the glucose-derivative of the iso-
thiocyanate moringin, but the genuine glucosinolate. In case of the
acetyl-rhamnosyl-hydroxybenzyl-glucosinolates (= acetyl-gluco-
moringin isomers I-III), the rhamnose moiety of glucomoringin is
O-acetylated (AMAGLO et al., 2010; PATEL et al., 2010) which can
occur at three different positions (FAHEY et al., 2018) (Fig. 1).
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In addition to the various glucosinolates, also their putative degrada-
tion products, i.e. isothiocyanates, nitriles or carbamates, are report-
ed to occur in M. oleifera leaves (RAZIS et al., 2014; WADHWA et al.,
2013). However, AMAGLO et al. (2010) did not detect corresponding
degradation products and deduced that these substances had been
generated in the course of tissue damage (AMAGLO et al., 2010).
Moreover, these authors reported the occurrence of glucotropaeolin
in stems of M. oleifera.

With respect to their health-promoting effects (PATEL et al., 2010;
RAzIS et al., 2014; KARIM et al., 2016), apart from an anti-inflamma-
tory (WATERMAN et al., 2014) and an antibacterial activity (GALUPPO
et al., 2013), the anti-carcinogenic action of the unusual glucosino-
lates and their various degradation products is in the centre of inter-
est (JUNG, 2014; RAJAN et al., 2016). In this context, the correspond-
ing isothiocyanates are thought to be of high relevance (MIYACHI
etal.,2004; BRUNELLI et al., 2010; RAJAN et al., 2016; GALUPPO et al.,
2013). Based on their studies, these authors assume that the relevant
isothiocyanates are mostly generated — just as in the case of “classi-
cal” glucosinolates — by their hydrolysis catalyzed by myrosinases.
However, in contrast to the typical glucosinolates present in plants
of the Brassicaceae, in injured M. oleifera leaves, the liberated iso-
thiocyanates are still attached to a rhamnose moiety, and thus are
not volatile. Since with time volatile, olfactory active compounds are
liberated, the rhamnose moiety must be cleaved off, presumably by
a rhamnosidase. In contrast to the numerous studies dealing with the
health-promoting effects of these compounds, only very few reports
had been published concerning their ecological significance for the
plants (MULLER et al., 2015). It is assumed that — just in the same
manner as for “classical” glucosinolates (HALKIER & GERSHENZON,
2006) — also the glucosinolates in M. oleifera leaves represent phyto-
anticipins by protecting the plant against herbivores and pathogens.
As the repellent and protective effect is due to the generation of de-
gradation products (MULLER et al., 2015), also the M. oleifera gluco-
sinolates can be classified as typical inactive precursors, which — after
tissue disruption — generate active agents (BRUNELLI et al., 2010),
exhibiting their repellent effect on potential herbivores by their pun-
gent taste (e.g. CHODUR et al., 2018). Yet, the manifestation of the
pungent taste of M. oleifera leaves is reported to be quite different
(DOERR, 2009; CHODUR et al., 2018) and may strongly vary between
different varieties, origins and proveniences, respectively. CHODUR
et al. (2018) attributed these differences in the markedness of the
pungency primarily to variations in the overall amount of glucosino-
lates. In contrast, the studies of DOERR et al. (2009) did not estab-
lish any correlation between “pungency” or “peppery taste” on the
one hand, and content and spectrum of glucosinolates on the other
hand. As consequence, these authors deduced that the variations in
the differences of pungency are caused by different activities of my-
rosinases (DOERR et al., 2009). This assumption seems to be — at
least in part — plausible, since the pungent, peppery taste and the
characteristic flavour are not generated by the intact glucosinolates,
but are determined by their degradation products. In order to provide
further information on this topic and to disclose the basic processes
involved, the hydrolysis of the M. oleifera glucosinolatess has been
studied.

Material and methods

Sample preparation for Kjeldahl and quantification of amino acids
For protein quantifications, 5 g of commercial M. oleifera powder
(africrops!, Berlin) were extracted two times with 50 mL Mcllvaine
buffer (0.1 M citric acid / 0.2 M Na,POy; pH 5.6) (1:5 diluted). The
extract was centrifuged (4.000 x g, 10 min) and the supernatant was
filtered. The combined aqueous supernatants (S) were divided equal-
ly and freeze-dried. Accordingly, the soluble protein fraction S com-
prises all proteins that are soluble in plain buffers. The related pellet
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(P) was re-extracted for 30 min at 95 °C with 40 mL SDS-buffer
(Mcllvaine buffer containing 2% SDS and 4% [3-mercaptoethanol)
and centrifuged (4.000 x g, 10 min). The residual supernatant (R)
was separated from the pellet (P). Both fractions were divided equal-
ly and freeze-dried (Fig. 2). The freeze-dried samples S, R, and P as
well as the dried leaves (total leaf extract = T) were either used for
the Kjeldahl analysis or for the quantification of amino acids.

extraction with
Mclivaine buffer

centifugation
20.000x g

dried leaf crude S

material extract centifugation
<pellet 20.000xg
l Kjeldahi sediment . P
extraction with
“total- SDS buffer rasidue®
extract (detergent R

unsoluble)

Fig.2: Scheme of protein sample preparation.

Protein determination - Kjeldahl
Protein determination was conducted via Kjeldahl nitrogen quantifi-
cation according to MATISSEK and STEINER (2006).

Digestion: Each sample was mixed with 20 mL concentrated sul-
furic acid, one Kjeldahl tablet (Thompson & Capper, Runcorn, UK)
and some glass beads in a 250 mL Tecator Kjeldahl tube. After gentle
shaking, the Tecator Kjeldahl tubes were placed in the Tecator block
digester (FoodAlyt IR 1200) and heated at 375 °C until the digestion
solutions were clear and only slightly bluish in colour. Subsequently
the tubes were removed from the Tecator block and cooled down to
room temperature (RT). Then the solutions were carefully diluted
with distilled water, transferred to a 100 mL volumetric flask with
rinsing distilled water and filled up to the mark after cooling.

Distillation: 10 mL of the digestion solutions were alkalized with
40 mL NaOH before a steam distillation was carried out for 5 min.
For titration, the distillates were transferred into a 20 mL boric acid-
indicator mixture and a Tashiro indicator was added, exhibiting
colour changes from violet-red through grey to light green.

Titration: The steam distillates were titrated dropwise with HCI
(0.1 M) until the first colour change (green-grey) occurred.

Calculation: The protein content in percent (P) was calculated ac-
cording to the formula:

(a-b)x1.4008 x F
E

P: percentage of protein content (%); a: consumption of HCI in the
titration (mL) of the related samples; b: consumption of HCI in the
titration (mL) of the related blanks (water); F: 6.25 (general conver-
sion factor for calculating the protein content); E: sample weight (g).

Protein determination via quantification of amino acids liberated
by acidic hydrolysis

Alternatively to the Kjeldahl approach, the protein content was esti-
mated on the basis of amino acids liberated in the course of acidic
proteolysis. For this, the contents of amino acids present in the hy-
drolysed as well as in the non-hydrolysed samples (commercial M.
oleifera powder, africrops!, Berlin) were determined. Quantification
was performed by HPLC according to BYTOF et al. (2005).

Hydrolysis: Of each sample 200 mg (P, R, S, T; Fig. 2) were mixed
with 2 mL 6 M HCl in small glass ampullae. To minimize the amount
of oxygen, ampullae had been sealed by melting the ampulla neck.
Hydrolysis was performed at 100 °C for 6 h in three independent
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replicates. Subsequently, the samples were neutralized with NaOH,
diluted 1:5 before norvaline was added as internal standard to yield
a final concentration of 160 nmol. Prior to HPLC analysis, samples
were centrifuged (4.000 x g, 10 min).

Extraction: To determine the content of free amino acids, 200 mg
of each sample were extracted with 3 mL sulphosalicylic acid (4%
w/v) containing exactly 160 nmol norvaline as internal standard ac-
cording to BYTOF et al. (2005). For each assay, three independent
replicates had been conducted.

HPLC: Prior to HPLC analysis, the extracted amino acids were deri-
vatised with o-phthaldialdehyde (OPA) using a Spark Holland Midas
autosampler for derivatisation and sample injection (BYTOF et al.,
2005); injection volume was 30 pL. Separation was performed on a
C18 column (Nucleosil 120, 5 pum, Macherey & Nagel, 250 x 4.0 mm)
employing a binary gradient (A: 5% MeOH, 5% acetonitrile (ACN),
2% tetrahydrofuran (THF), 88% 50 mM sodium acetate buffer, pH
6.2; B: 40% MeOH, 40% ACN, 20 % sodium acetate buffer). Flow
rate: 1.0 mL/min, oven temperature: 35 °C. The amino acid deriva-
tives were detected employing a RF-551 Shimadzu fluorescence de-
tector (hex = 334 nm; Ay, = 425 nm) and quantified using external
calibration.

The protein amounts were quantified as difference of the amounts for
free amino acids and those released by acidic hydrolysis.

Analyses of glucosinolates and their degradation products
Extraction and degradation of gl inolat

Plant material was harvested from plants grown in the greenhouse
of the Institute of Botany, Leibniz University Hannover, Germany.
After freezing in liquid nitrogen, the material was ground and freeze-
dried. Of the lyophilized powder 25 mg were incubated with 500 uL.
ultrapure water at two different temperatures (4 °C and 20 °C) for
a time period of 60 s. At various times (15, 30, 45 and 60 s), degra-
dation of glucosinolates was stopped by adding 500 uL. MeOH and
heating the samples at 95 °C for 10 min. Extracts were centrifuged
(4.000 g; 10 min) and filtered. Samples were analysed in triplicates.

LC-MS analysis

For identification of the glucosinolates in M. oleifera samples were
analysed by liquid chromatography-mass spectrometry (LC-MS).
A volume of 10 pL was injected into the HPLC system (Shimadzu,
Darmstadt, Germany) and separated on a Vertex Plus column (250 x
4 mm, 5 pum particle size, packing material ProntoSIL 120-5 C18-H)
(Knauer, Berlin, Germany) equipped with a pre-column (Knauer).
Solvent A: water (18.2 uS cm’!, obtained by Elga Purelab Ultra
GE MK2, Veolia Water Technologies Deutschland GmbH, Celle,
Germany; solvent B: MeOH (VWR, Darmstadt, Germany; LCMS
grade, 99.9% purity); both containing 2 mM ammonium acetate
(Merck, Darmstadt, Deutschland; LC MS grade, 90.0% purity). Flow
rate: 0.8 ml min! at 30 °C, gradient: 10-90% B for 35 min, 90% for
2 min, 90-10% B for 1 min and 10% B for 2 min. HPLC was coupled
to a mass spectrometer (AB Sciex TripleTOF 4600, Canby, USA). At
a temperature of 600 °C and an ion spray voltage floating of -4500 V
the negative electrospray ionization (ESI) was performed. For the
ion source gas one and two 50 psi were used and for the curtain
gas 35 psi. In the range of 100-1500 Da in the TOF range the mass
spectra as well as the MS/MS spectra from 100-800 Da at a collision
energy of -10 eV were recorded (total ion chromatogram, TIC). Peaks
were identified by analysing the characteristic masses (according to
FORSTER et al., 2015; RAMBULANA, et al., 2017; Fig. 3). The acetyla-
tion site of the three isomers of acetyl-4-a-L-rhamnopyranosyloxy-
benzyl glucosinolates could not be certainly identified because of
lacking NMR data. In order to be able to discuss obtained results,
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the isomers were named according to their elution time from I to III.
Quantification was performed by using peak areas obtained by moni-
toring samples at 229 nm. Due to lack of authentic standards, con-
tents of glucosinolates were calculated by using the standard curve
of sinigrin (Phytolab, Vestenbergsgreuth, Germany, 99.8% purity).

Aot 7,

Degr of gluc in M. oleifera leaf extracts

One g of commercially available M. oleifera powder (africrops!,
Berlin) was incubated with 20 mL tap water at two different tempera-
tures (4 °C and 20 °C) for a time period of 5 d. At various time points
(6, 18, 30, 42, 54, 66, 78 and 90 h) the extracts were centrifuged
(4.000 g; 10 min) and filtered before being injected into the HPLC.
For each assay, two independent replicates had been conducted.

HPLC: Estimation of glucosinolate degradation products was per-
formed according to Kleinwichter (2007) employing a C18 column
(Nucleosil 120, 5 pm, Macherey & Nagel, 250 x 4.0 mm) and a bi-
nary gradient (A: MeOH, B: H,O dest.; 10 min 40% A and 60% B,
10 min 80% A and 20% B, 5 min 40% A and 60% B). Flow rate:
0.8 mL/min. For detection a photodiode array detector (220 nm) was
used. 4-Hydroxybenzyl alcohol (Alfa Aesar, Kandel) was employed
as authentic standard.

Results and discussion

The dissent of high protein contents

Protein determination based on the quantification of total nitro-
gen (Kjeldahl)

In order to clarify the inconsistencies on the alleged high protein
contents, extracts of M. oleifera leaves had been fractionated and
analysed. In accordance with the literature for the dried leaf material
(T) - based on the total nitrogen quantification — a protein content of
26.5 % was estimated (Tab. 1). This value corresponds to the amount
of 24.3%, which results as sum of the particular factions, i.e. S +
P + R (Fig. 2). However, the determination of the protein content
in the “water soluble” and “SDS-extractable” faction (sum S + P)
reveals only 14.3%. This value is in the same range as reported for
other plant species, e.g. 7% - 11% for barley (DAI et al., 2009) and
9% - 16% for spinach (JACOBI et al., 1975). Obviously, in M. oleifera
leaves, a very high share of nitrogen remains in the insoluble fraction
R. Unfortunately, only few related data on this issue are available.

Tab. 1: Kjeldahl based nitrogen and protein content of the various fractions
from M. oleifera leaves.

Fraction Nitrogen Putative Share of
content protein content  total protein

[%] (%] [%]

S (supernatant “buffer extract)  0.96 6.0 22.6

P (supernatant of the SDS- 1.33 8.3 31.3
solubilised pellet)

R (SDS-insoluble) 1.60 10.0 377

sum: S + P 2.29 14.3 53.9

sum: S+P+R 3.89 24.3 91.7

T (“total extract™) 4.25 26.5 100

Data represent mean values from three independent replicates.

Protein determination via quantification of amino acids liberated
by acidic hydrolysis
To scrutinise whether or not the putative protein contents of M. olei-

fera leaves estimated via the Kjeldahl nitrogen quantification could

be attributed to authentic, genuine proteins, the related samples had
been hydrolysed employing hydrochloric acid. Subsequently, the
amount of amino acids was quantified. The difference in the con-
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tent of amino acids in the hydrolysed and the non-hydrolysed frac-
tions corresponds to the amount of proteins (Tab. 2). When compar-
ing these results with the putative protein contents quantified on the
basis of Kjeldahl nitrogen determinations (Tab. 1), it turned out that
the total protein content in the dried leaves (T) is only 13.8% (Tab. 2)
instead of 26.5% (Tab. 1). These results are in accordance with pro-
tein contents of other plant species, estimated by standard protein
quantifications. Thus, the protein determinations based on their
acidic hydrolysis fully confirm the assumption that a major share of
nitrogen (corresponding to a calculated, putative protein content of
about 10%) is present in the SDS-insoluble fraction (R) and is not
due to authentic proteins.

In addition to protein quantification, various electrophoretic studies
had been conducted. After staining the gels with Coomassie, no
major differences in the amount of proteins derived from the three
different plant species were visible (Fig. 1, Supplementary material),
underlining the lacking of major differences in protein contents be-
tween M. oleifera and other plant species.

Protein contents in M. oleifera leaves are as high as in other spe-
cies

The combined data on protein analyses suggest that the key to under-
stand the inconsistencies in the protein content of M. oleifera leaves
is the elucidation of the source of the nitrogen present in the insoluble
sediment. When thoroughly evaluating the literature dealing with
M. oleifera, some hints on the not yet identified insoluble, nitrogen-
containing compounds can be found. KAKENGI et al. (2005) studied
the feasibility of employing M. oleifera leaves as protein supplement
for ruminants. In addition to the determination of the putative total
protein content, the authors quantified the share of protein, which
is degradable in the rumen and which part is not. The latter one
was identified as putative proteins which are insoluble in detergent-
containing acids. The authors ascertained a total protein content of
26.5% and outlined that about 40% of this amount (corresponding to
about 10% of the dry mass as putative protein) is not degradable in
the rumen (KAKENGI et al., 2005). Accordingly, they concluded that
about two fifths of the entire protein could not be solubilised with
detergents. Hence, these data are fully in accordance with the data
presented here. However, it has to be questioned, whether or not the
nitrogen present in the compounds, which are not rumen-degradable,
are authentic proteins.

Based on further literature screening, it became obvious that the
putative high protein concentration in M. oleifera leaves is not ex-

ceptional. For example, in cassava leaves — when estimated on the
basis of Kjeldahl nitrogen determinations — it is reported to be in
the range between 29% and 38% (YEOH and CHEW, 1976). In a com-
prehensive study employing many tropical plants, BYERS (1961) de-
termined the putative protein content of the leaves of 70 different
plant species growing in Ghana. Based on Kjeldahl determinations
of crude extracts, the author reported that 10 of the studied plant
species revealed a leaf protein content higher than 28%, and 28 of
them exhibited a percentage even higher than 24%. Of course, also
for this study, it has to be doubted that the Kjeldahl-based protein
determination indeed outlines the correct amount of authentic pro-
teins. Nonetheless, these data state that the very high putative protein
content reported for M. oleifera is not exceptional.

When contemplating the nature of the SDS-insoluble nitrogen con-
taining substances present in the leaves, the focus inevitably shifts to
cell wall components. It is well known that — in addition to cellulose,
various other polymeric carbohydrates, and lignin — also proteins are
part of plant cell walls (HOUSTON et al., 2016). Already more than
half a century ago, LAMPORT and NORTHCOTE (1960) reported that
the main share of the proteins bound to the cell walls of higher plants
is due to hydroxyproline-rich glycoproteins (HRGP), which may ac-
count for about 10% of the dry weight of the cell wall (TALMADGE
et al., 1973; ROBERTS et al., 1985). According to LAMPORT (1966)
these highly insoluble cell wall proteins are denoted as extensins.
Until now, no clear picture on the complex nature of extensins could
be drawn. Yet, the explanation for their highly insoluble character is
given by tyrosine-based bindings resulting in isodityrosine moieties
(LAMPORT, 1980; FRrY, 1982), which results in a highly cross-linked
network of extensins (LAMPORT, 1986).

Whereas at the end of the last century many efforts had been made
to elucidate the structure of the HRGP, to date the evolutionary and
genetic aspects of these proteins are in the focus of interest (JOHNSON
et al., 2017). So far no studies are available that combine basic plant
biochemical insights on HRGP or extensins, respectively, and the
data elaborated for the relevance of leaf proteins with respect to hu-
man or animal nutrition as outlined above. Accordingly, we do not
know whether or not the insoluble proteins, putatively non-degrad-
able in the rumen (KAKENGI et al., 2005), correspond to the HRGP.
These coherences outline that there is a massive need for interdisci-
plinary as well as for applied research to further elucidate the mar-
vel of the putative high protein contents. This especially accounts
when considering that - without any doubt — M. oleifera leaves ex-
hibit many benefits for human nutrition and a significant growth pro-
moting effect on livestock (NOUMAN et al., 2014). As reported by

Tab. 2: Protein content in M. oleifera leaves estimated on the basis of acidic protein hydrolysis.

Fraction Content of amino acids Amino acids liberated Protein content
[mg/g] by hydrolysis = protein (Kjeldahl)

[%] [mg/g] [%]

T (total extract = free amino acids) 12 138 13.8 26.5

Th (total extract, hydrolysed) 150

S (aqueous supernatant = free amino acids) 7.1 33.6 3.36 6.0

Sh (aqueous supernatant, hydrolysed) 407

P (SDS supernatant = free amino acid) 1.05 22.1 2.21 8.3

Ph (SDS supernatant = hydrolysed) 23.1

R (SDS insoluble = free amino acids) 1.4% 46.7 4.67 10.0

R#A (SDS insoluble = hydrolysed) 48.1

sum “free amino acids” (S + P+ R) 9.5 102.4 10.24 243

sum “hydrolysed” (Sh + Ph + Rh) 111.9

The protein content of each sample was calculated as difference of the amino acid contents in the original and the hydrolysed fractions. *In principle, in this
fraction no free amino acids could be present. However, their occurrence points to the fact that proteins might be hydrolysed by proteases present in this frac-

tion.

45



Protein content and glucosinolates from Moringa oleifera 261

ANHWANGE et al. (2004), the amino acids spectrum of M. oleifera
leaf protein is not really exceptional: apart from glutamic and as-
partic acid, the semi-essential amino acid arginine and the essential
leucine represent the most abundant ones in the related hydrolysates.
In consequence, all tremendously high number of positive nutritional
effects described in the literature must have another origin, which
has to be elucidated in the future.

Composition and degradation of the M. oleifera glucosinolates
General state of affairs

As outlined above, the well-known health-promoting effects of
M. oleifera glucosinolates are attributed to their various degrada-
tion products, in particular to the corresponding isothiocyanates.
Accordingly, the extent and velocity of glucosinolate degradation are
of special interest. A plain finding in daily life may open the door
for a better understanding of the entire process: when an extract of
M. oleifera leaves is kept in the cold, e.g. in the fridge, for several
days, there is a strong retardation in the generation of the character-
istic pungent taste and flavour, whereas the sensory properties de-
velop much quicker at RT (H. HEINRICHS, pers. comm.). However,
the appendent intensity and pungency as well as the overall sensory
quality are quite different. Obviously, the relevant degradation pro-
ducts of the glucosinolates differ and are generated at different times.
The basis for the initiation of the various reactions — also in M. olei-
fera — is the hydrolysis of the genuine glucosinolates catalysed by
myrosinases (DOERR et al., 2009; CHODUR et al., 2018). However,
due to the presence of rhamnose attached to the isothiocyanates in
M. oleifera leaves, the primary hydrolysis products might not be
volatile, and then would be aroma-neutral. Yet, a thorough investiga-
tion of the related degradation processes requires a sound determina-
tion of the genuine glucosinolates. According to WATERMAN et al.
(2014) and FAHEY et al. (2018) apart from glucomoringin (4-a-L-
rhamnopyranosyloxy-benzyl glucosinolate), three different acetyl-
derivatives are described (acetyl-4-a-L-rhamnopyranosyloxy-benzyl
glucosinolate = acetyl-glucomoringin isomers I-III; Fig. 3A). By
employing LC-MS chromatography, 4-a-L-rhamnopyranosyloxy-
benzyl glucosinolate could be assigned reliably. Identification of the
isomers of acetyl-4-a-L-rhamnopyranosyloxy-benzyl glucosinolates
was also performed but with lack of NMR data, position of the acety-
lation site could not be determined (Fig. 3B). No other glucosinolates
were identified in the analysed plant material.

Time-dependent glucosinolate degradation

In order to elucidate whether the known differences in the genera-
tion of degradation products might be related to differences in the
myrosinase activity, leaf extracts have been incubated at 4 °C and
20 °C, respectively. The concentration of the four glucosinolates was
determined by LC-MS. The results proved that all glucosinolates are
hydrolysed efficiently (Fig. 4, 1-4).

Degradation of all glucosinolates was significantly lower at 20 °C
compared to samples incubated at 4 °C. This unexpected observation
was especially evident in samples incubated for 15 s. In several cases,
the counteracting effects of elevated temperatures on either enzyme
activity or on its stability could result in a higher substrate turn-over
at lower temperatures. However, myrosinase exhibits a high stabili-
ty (VAN EYLEN et al., 2005; GHAWI et al., 2012). Accordingly, this
explanation can be excluded. Currently, no physical explanation for
this phenomenon, which putatively leads to a solubilisation and thus
a faster hydrolysis of glucosinolates, is available. Wetting of sam-
ples was carefully observed and samples that were not homogenized
within the first second of shaking were discarded because of the
very short incubation time. Since experiments are conducted with
finely ground leaf powder in an artificial experimental setup, a high
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Fig.3: Glucosinolates present in M. oleifera leaves.

A: Structure of the common M. oleifera glucosinolates. Apart from glu-
comoringin (4-a-L-rhamnopyranosyloxy-benzyl glucosinolate; 1; Ry, 3, =
H), three isomers of its acetylated form (acetyl-4-a-L-rhamnopyranosyloxy-
benzyl glucosinolate = acetyl glucomoringin; isomers I-IIT R; or R, or Ry =
acetyl) are present in M. oleifera leaves.

B: Identification of the M. oleifera glucosinolates by LC-MS. Mass chro-
matograms of a M. oleifera leaf extract containing all glucosinolates. At the
top: total ion chromatogram (TIC; mass range: 100-800 Da). In the middle:
extracted ion chromatogram of m/z = (570) [M]" representing glucomoringin
(4-a-L-rhamnopyranosyloxy-benzyl glucosinolate; 1). At the bottom: ex-
tracted ion chromatogram of m/z = (612) [M]" representing the three isomers
of acetyl-glucomoringin (acetyl-4-a-L-rhamnopyranosyloxy-benzyl gluco-
sinolate; isomers I-III). The MS/MS spectra of the four different M. oleifera
glucosinolates are displayed in Fig. S2 (Supplementary material).

degradation of glucosinolates probably happens during the first few
seconds in samples incubated at 20 °C, when it is assumed that the
myrosinases present in M. oleifera perform better at 20 °C compared
to 4 °C, similarly to other myrosinases (L1 and KUSHAD, 2005). This
could lead to an inhibition of myrosinases by breakdown-products of
glucosinolates in samples incubated at 20 °C leading to lower degra-
dation rates and therefore higher glucosinolate contents. Lower con-
tents in samples incubated at 4 °C for 15 s could be explained by a
slower, but steadier degradation of glucosinolates by myrosinases at
4 °C, which is also reflected in the contents of glucosinolates ob-
served after 30 s, which were higher in samples incubated at 4 °C
compared to samples incubated at 20 °C.

Nonetheless, it has to be stated that the glucosinolates are entirely
hydrolysed within the first minute of incubation. Accordingly, the
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Fig.4: LC-MS analysis of glucosinolates in M. oleifera extracts. Lyo-
philized plant material from the greenhouse was incubated for 15 to
60 s either at 4 °C (black line) or at 20 °C (grey line), respectively.
Data points represent the mean of three technical replicates for each
glucosinolate. Contents were calculated with the standard curve of
sinigrin.

myrosinase-catalysed hydrolysis cannot be responsible for the ob-
served sensory differences in extracts, which are kept at different
temperatures for many hours or several days, respectively.

The generation of olfactorily active substances in the further course
of incubation signifies that the rhamnose moiety is cleaved off from
the assumed non-volatile primary degradation products, i.e., the
rhamosylated isothiocyanates, as time goes on. No detailed infor-
mation is available with respect to the reaction mechanism and the
enzymes putatively involved, such as rhamnosidases. The different
degradation rates at the two temperatures could also have an effect
on these putative rhamnosidases degrading the rhamnosylated de-
gradation products. In general, activity of enzymes could also be
inhibited by an oversupply of substrates (breakdown-products). The
steadier generation of breakdown-products at 4 °C could lead to sub-
sequent steadier generation of olfactorily active substances, whose
volatility is additionally diminished at lower temperatures. The re-
tarded generation of the olfactorily active substances as well as the
related differences at 4 °C and 20 °C also seem to be related to experi-
mental in vitro conditions, since all glucosinolates are hydrolysed
by myrosinase already within one minute of incubation (Fig. 4).
Due to the differences in stability of potential hydrolysis products
(Buskov et al., 2000), the situation becomes more complex. The
products of the myrosinase reaction, i.e., the various rhamnosylated
isothiocyanates (Fig. 1) are quite stable. However, the elimination
of the rhamnose moiety results in 4-hydroxybenzyl isothiocyanate
(Fig. 5), a very instable compound, which is also generated in the
course of the hydrolysis of sinalbin in white mustard (Sinapis alba).
Analyses of the corresponding degradation products in crushed
seeds of S. alba revealed that 4-hydroxybenzyl isothiocyanate is
converted quickly to 4-hydroxybenzyl alcohol, and other reaction
products; e.g. in the presence of ascorbic acid 4 hydroxybenzyl-
ascorbigen is generated (Fig. 6) (KAWAKISHI and MURAMATSU, 1966;

47

Buskov et al., 2000; BOREK and MORRA, 2005; PAUNOVIC et al.,
2012). In contrast, in black mustard (Brassica nigra) the related de-
gradation products, allyl isothiocyanate and benzyl isothiocyanate,
which are derived from sinigrin and glucotropaeolin, respectively,
are far more stable (FENWICK et al.,1983). Moreover, the various iso-
thiocyanates reveal different affinities to the transient receptor poten-
tial ankyrin, which is responsible for the perception of pungent taste
(TERADA et al., 2015).
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Fig.5: Potential degradation products of 4-hydroxybenzyl isothiocyanate
produced by myrosinase-catalysed hydrolysis of sinalbin according
to BUSKOV et al. (2000).

In order to get a survey on the related degradation products, which
are generated in disintegrated M. oleifera leaves, HPLC analyses of
aqueous extracts of fresh M. oleifera leaves as well as of commer-
cially available dried M. oleifera leaf material had been conducted.
The material was homogenized with tap water at RT and stored sub-
sequently at 4 °C. Every day, samples had been taken and analysed
by HPLC (Fig. 6). To facilitate the identification of putative degrada-
tion products of the glucosinolates, authentic reference substances
need to be employed. Only 4-hydroxybenzyl alcohol (Fig. 6) could be
used as reference substance, since neither the rhamnosylated nor the
non-substituted 4-hydroxybenzyl isothiocyanates are commercially
available.

The HPLC analyses exhibited massive differences in the spectrum
of glucosinolate degradation products in the extracts of fresh leaves
in comparison to those derived from dried leaf material (Fig. 6).
The only compound identified reliably is 4-hydroxybenzyl alcohol.
Accordingly, it could be deduced that in analogy to the degradation
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Fig. 6: Variation of degradation products pattern in M. oleifera cold

extracts. A: Dried leaf powder; B: fresh crushed leaves. Directly
after homogenization with tap water, the samples had been stored
at 4 °C. For detection, a diode array detector was employed (A =
220 nm). Due to the HPLC conditions, in contrast to the LC-MS
analyses mentioned above, glycosylated compounds, e.g. all gluco-
sinolates, elute in the void volume.

of sinalbin (Fig. 5) 4-hydroxybenzyl alcohol was produced as final
degradation product of M. oleifera glucosinolates. Other substance
peaks cannot be unequivocally assigned to putative degradation
products of glucosinolates. Their absorbance spectra point to glu-
cosinolate-related compounds. Hence, all glucosinolates are already
cleaved within the first minute of incubation (Fig. 5) the observed
differences must be related to reactions following the myrosinase-
catalysed hydrolysis of glucosinolates. Obviously, these processes,
i.e. rearrangements and further degradations, are quite different in
extracts of fresh and dried plant material. In general, such differences
could be a consequence of differential inactivation of enzymes. This
underlines the assumption that — in addition to myrosinases — further
enzymes, such as rhamnosidases, could be involved in the degrada-
tion of glucosinolates and their breakdown-products. Accordingly,
the observed substantial differences could result from varying activi-
ties of these putative enzymes, caused by their different stabilities in
fresh and dried leaves.

From these coherences it could be deduced that the characteristic dif-
ferences in the release of olfactorily active substances in M. oleifera
extracts which are kept at either 4 °C or at 20 °C (H. Heinrich, pers.
comm.) might be related to variations in enzyme activities. To get
more information on this phenomenon, a further row of experiments
was conducted. Commercially available M. oleifera leaf material was
homogenized with tap water and stored either at 4 °C or at 20 °C,
respectively. Every 12 h, a corresponding sample had been taken and
analysed by HPLC (Fig. 7).

The HPLC analyses reveal that in the M. oleifera extracts various
substances are released as time goes on (Fig. 7). Obviously, also in
the case of the various M. oleifera glucosinolates 4-hydroxybenzyl
alcohol represents the final degradation product (Fig. 5). This veri-
fies that the rhamnose moiety of the M. oleifera glucosinolates has
to be cleaved off in the course of their further degradation. Although
the various intermediates of the complex degradation process are not
yet identified, the comparison of the related products and their time-
dependent generation at 4 °C and 20 °C, respectively, indicates that
various additional reactions are involved in the complex degradation
processes and suggest the involvement of a putative rhamnosidase.
Although up to now no definite information on this enzyme is avail-
able. Apart from the basic scientific point of view, especially with
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Fig.7: HPLC analyses of M. oleifera extracts stored at 4 °C or 20 °C.
Samples had been taken every 12 h. 4-Hydroxybenzyl alcohol was
employed as authentic reference substance. For detection, a diode
array detector was employed (A = 220 nm). Due to the HPLC condi-
tions, in contrast to the LC-MS analyses mentioned above, glycosy-
lated compounds, e.g. all glucosinolates, elute in the void volume.

regard to the health-protective effects of M. oleifera preparations, the
elucidation of these complex processes is of special interest. Due to
their anti-carcinogenic effect, the stability of the rhamnosylated iso-
thiocyanates (moringin and analogues), are of particular importance,
since the elimination of the rhamnose moiety induces the putative
further degradation. Accordingly, the elucidation of these complex
processes, i.e. the overall degradation of the M. oleifera glucosino-
lates and the subsequent rearrangements of their degradation prod-
ucts, need to be further investigated.

Conclusion

Moringa oleifera is thought to be one of the most valuable and bene-
ficial tree crop plant species. Apart from great benefits for human
nutrition and a significant growth improvement of livestock, outlined
in numerous studies, especially the health-promoting properties are
of special interest. Up to now, the nutritional properties had been
attributed primarily to the putatively high protein content of M.
oleifera leaves. Yet, this study unveiled that the protein content of
M. oleifera leaves is not exceptional and is in the same range as found
for leaves of other plant species. Moreover, the amino acids composi-
tion of M. oleifera leaves is not that exceptional as commonly men-
tioned (ANHWANGE et al., 2004). Thus, the high number of positive
effects described in the literature must have another origin, which
needs to be elucidated.

The health-promoting effects is frequently assigned to the anti-car-
cinogenic properties of the M. oleifera glucosinolates, in particular,
to their degradation products. By analysing the degradation of glu-
cosinolates at various conditions, the complexity of these processes
is illustrated. Due to their anti-carcinogenic effect, the degradation
of the rhamnosylated isothiocyanates is of special interest, since the
elimination of the rhamnose moiety induces the further decay, and
thus the loss of the desired health-protective properties. Thus, further
elucidation of these complex processes is of particular relevance.
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Supplementary material

In addition to protein quantification, various electrophoretic studies on M. oleifera proteins had been conducted. For these analyses, the soluble
protein fraction as well as the sediment had been treated with SDS and employed for the electrophoretic studies. For comparison, extracts from
spinach (Spinacia oleracea) and the rubber tree (Hevea brasiliensis) had been analysed analogously. After staining the gels with Coomassie,
overall, no major differences in the amount of proteins derived from the three plant species were visible, underlining the lacking of major
differences in protein contents between M. oleifera and ordinary plants.

Moringa Hevea Spinacia

R-glucosidase (64 kD)
LSU (55kD)

SSU (14kD)

Fig. S1: SDS gel electrophoresis of various protein fractions. Protein was extracted from dried leaf material (commercial M. oleifera powder, africrops!, Ber-
lin, and freeze-dried leaves from spinach and Hevea) applying Mcllvaine buffer (pH 5,6). The related supernatant (30,000 g) is denoted as S. Before
electrophoresis, samples had been treated with SDS and mercaptoethanol. Analogously, also the sediment was re-suspended in SDS-mercaptoethanol
containing buffer. After centrifugation, the supernatant was also employed for electrophoresis (S). M = protein marker. Electrophoresis was performed
according to http:/www.genstrom.net/public/biology/botany/plant_physiology_module/protocols/protokoll_3.html

Indeed, in all three species, the most prominent protein bands are due to the large (LSU) and small subunit (SSU) of the ribulose-bisphosphate
carboxylase (RuBisCo). Whereas this enzyme from spinach is quite soluble in Mcllvaine buffer (pH 5,6), in M. oleifera and in Hevea this
enzyme has to be solubilised with SDS. In Hevea, the most prominent band in the soluble fraction is due to the B-glucosidase.
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Fig. S2: MS/MS spectra for glucosinolates found in M. oleifera. Mass fragments at -10 eV for the precursor ions 571.1 (4-a-L-rhamnopyranosyloxy-benzyl
glucosinolates) and 612 (acetyl-4-a-Lrhamnopyranosyloxy-benzyl glucosinolates isomers 1-3).
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Chapter 3.1 The diurnal rhythm of Brassica napus L. influences contents of
sulfur-containing defense compounds and occurrence of vascular occlusions

during an infection with Verticillium longisporum
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Abstract: Reduction in atmospheric sulfur and intensified agriculture have led to sulfur deficiency,
often correlated with a higher susceptibility to pathogens. The spread of fungal pathogens, such as
the soil-born Verticillium longisporum, was observed. Defense responses of infected plants are linked to
sulfur-containing compounds including glucosinolates (GSLs). Some pathogens infect their hosts at
specific time periods during the day. To investigate the relation of sulfur-containing metabolites with
diurnal effects of infection time points, Brassica napus plants cultivated at two different sulfur supplies,
were infected with V. longisporum at four different time points during the day. It was demonstrated
that 3, 7 and 14 days after inoculation the infected plants differed in their infection rate depending on
the time point of infection. Additionally, infected plants had higher contents of sulfur-containing
metabolites, such as specific GSLs, in comparison to non-infected plants. Sufficient sulfur fertilization
was always reflected in higher contents of sulfur-containing compounds as well as a lower rate of
infection compared to sulfur-deprived plants. On the microscopic level vascular occlusions in the
hypocotyl were visible and the amount was dependent on the time point of infection. The results
might be used to optimize sulfur fertilization to reduce susceptibility to V. longisporum.

Keywords: Diurnal rhythm; oilseed rape; sulfur-containing metabolites; Verticillium longisporum

1. Introduction

Human existence depends on agricultural crops which provide food, feed for livestock, oil,
fuel and other important materials. The Brassicaceae family includes many important agriculturally
used plant species like Brassica napus, which is not only used for vegetable oil production, but also for
livestock food and biodiesel production. But especially Brassicaceae crop yields are prone to plant
pathogens accounting for 16% of annual crop losses [1]. A major group accounting for 70-80% of all
plant pathogens consists of fungi, among them Verticillium longisporum [2].

In the last 20 years, the number of identified fungal plant pathogens has more than quadrupled [3].
However, this is not only due to better detection methods, but seems to be rather a direct result
of high yielding crop cultivation and intensive agroecosystem management practices [4]. Due to
continuous farming, it is possible that unknown or even host-specific plant pathogens such as
V. longisporum occur [5,6].

Agronomy 2020, 10, 1227; doi:10.3390/agronomy10091227 www.mdpi.com/journal/agronomy
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Verticillium stem striping is caused by an infection of B. napus with V. longisporum and is especially
threatening in the northern hemisphere [7,8]. The pathogen enters the plant by penetration of roots
and further spreading through xylem vessels. As a result of the infection, plants are stunted and
yields are drastically reduced. The use of conventional fungicides is not able to cope with any
life stage of V. longisporum, leading to resting microsclerotia in the soil up to several years before
suitable host plants can be planted again [9]. Hence, it is essential to understand the host-pathogen
interaction in more detail to be able to develop alternative strategies in order to control this disease.
In case of infections with vascular pathogens, recognition may be mediated by either extracellular or
intracellular receptors, which leads to a defense reaction within the xylem vessels. In order to prevent
the pathogen from spreading further up in the xylem vessels, the plant mediates extensive physical
defense reactions. Formation of physical barriers in the form of occlusions are well described defense
mechanism exhibited by B. napus when infected with V. longisporum. These occlusions can consist of
crushed cells surrounding the xylem vessels, bubble-like outgrowths called tyloses, or gels consisting
of phenolic compounds. Over time these occlusions become lignified through oxidation of phenolic
compounds in the occlusion site and prevent the pathogen from spreading further upwards in the
plant [10].

In the late 1980s, it became apparent that sulfur plays an essential role in crop resistance against
pathogens, as the reduction of atmospheric sulfur depositions has led to a widespread nutrient
disturbance in European agriculture [11-13]. In addition to that, increased crop yields draw great
amounts of sulfur out of the soil, which calls for sufficient sulfur replacements [14].

The macronutrient sulfur is taken up by roots from the soil as inorganic sulfate. The rate of
uptake and assimilation of sulfur is mainly controlled by the sulfur content of the plant and by
the growing stage-dependent requirements [15]. The first stable organic compound in the sulfur
assimilation, cysteine, is an important amino acid which is a part of the metabolic crossroad of primary
and secondary metabolism. Among being the precursor for proteins and vitamins, it is the source of
sulfur-containing defense compounds (SDCs). Sulfur-containing defense compounds, which include
glucosinolates (GSLs), glutathione (GSH), sulfur-containing proteins, phytoalexins and H»S, are not
primarily synthesized for pathogen-specific defense mechanisms [16]. Part of the cysteine pool is
used for the biosynthesis of the tripeptide GSH. Levels of cysteine and GSH have been suggested as
markers for the elevated activity of primary sulfur metabolism after pathogen infection because of their
contribution to secondary compounds, i.e., GSLs [17]. The levels of GSH and GSLs were shown to be
regulated diurnally [18] and some genes involved in GSL biosynthesis are controlled by the circadian
clock [19].

Glucosinolates are amino acid-derived thioglycosides, which occur generally in the order
Brassicales and can be found in almost all plant organs [20,21]. There are approximately 130
described GSLs, which share a chemical structure consisting of a 3-D-glucopyranose residue linked
through a sulfur atom to a (Z)-N-hydroximino-sulfate ester and a variable side chain (R), which is derived
from modified amino acids [22,23]. Based on the amino acid the GSLs are derived from, they can be
divided into three main groups. Glucosinolates derived from alanine, leucine, isoleucine, methionine
and valine yield aliphatic GSLs (aGSL). Benzylic GSLs (bGSL) are derived from phenylalanine
and tyrosine, and indolic GSLs (iGSL) from tryptophan [22,24]. Glucosinolates present in Brassicaceae
are a well described example of SDCs [25,26]. Glucosinolates and f3-thioglucosidases (myrosinases) are
spatially separated within plant tissues [27]. Intact GSLs are mostly inert, but if the plant is subjected
to tissue disruption GSLs come into contact with myrosinases [26].

In the 1990’s, the concept of increased plant resistance to fungal pathogens based on sulfur was
developed [28], also in the context of new cultivars low in both erucic acid and GSLs. Experiments
performed with sulfur-deficient B. napus showed a higher susceptibility towards V. longisporum
highlighting the importance of a sufficient sulfur supply [29].

Regarding a successful pathogenic invasion and consequent disease development, it is necessary
that pathogen, susceptible host and favorable environmental conditions come together at a certain
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time point. Conversely, the susceptibility of the host and the virulence of the pathogen may vary during
the day, as well as the stage of development of the two organisms involved [30]. Various publications
showed that the interaction between plants and their pathogens correlates with light, indicating
that there are direct effects of light on both organisms [31-34]. Results from Wang et al. [35]
indicate that defense genes are under circadian control, allowing plants to detect infections at dawn
when the pathogens disperse spores and time immune responses by perceiving pathogenic signals
upon infection. Temporal control of the defense genes by CIRCADIAN AND CLOCK ASSOCIATED
1 (CCA1) differentiate their involvement in (I) basal defense mechanisms and (II) defense based
on specific resistance (R) genes. The studies revealed a key functional link between the circadian
clock and plant immunity. Mutants overexpressing CCAl showed enhanced resistance against
downy mildew supporting a direct interaction of the circadian clock with plant immunity [35].
In recent studies, infection experiments with A. thaliana at different time points were performed
analyzing a clock-mediated variation in resistance [36,37]. Plants in these experiments showed a
decreased susceptibility when infected at dawn with a bacterial pathogen and a fungus, respectively.
In addition, there are emerging evidences for a relationship between the nutrient status and circadian
rhythm in plants [38]. For nitrate metabolism and during nitrate deficiency, respectively, interactions
with the circadian clock could already be shown [39]. A number of key genes in metabolic pathways
including the sulfur metabolism have been already reported as regulated in a circadian way in
A. thaliana [40]. In a study by Hornbacher et al. [18] performed with B. napus diurnal oscillations of
the expression of genes involved in the transport and reduction of sulfate as well as of GSH contents
were shown, comparable to the oscillations of CCA1 expression. It was also demonstrated that GSLs
display ultradian oscillations that were altered by the sulfur supply of the plants.

To investigate the degree of susceptibility of B. napus plants depending on the time point, plants
were infected with V. longisporum at different time points of the day. Furthermore, the effect of different
sulfur fertilizations on the infection of the plants was analyzed.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Seeds from the MSL-hybrid (Male Sterility Lembke) winter oilseed rape cultivar Genie
were obtained from the Deutsche Saatveredelung AG (DSV) (Lippstadt, Germany; breeder:
RAPOOL-Ring GmbH, Isernhagen, Germany). The cultivar has a good overall health, a higher
GSL content in seeds in comparison to other cultivars from the DSV and an excellent resistance
against aggressive stem canker triggering pathogens (Leptosphaeria maculans; L. biglobosa) (Sortenkatalog
Winterraps 2012 RAPOOL). Plants were grown as described in Weese et al. [41] in climatic chambers
equipped with ESC 300 software interface (Johnson Controls; Mannheim, Germany). The seeds
needed 7 d under following settings to germinate: 12 h light, 22 °C, 70% humidity; 12 h night, 20 °C,
70% humidity; Photosynthetic Photon Flux Density (PPFD): 350 umol m~2 s~1; lamp type CMT 360
LS/W/BH-E40) (Eye Lighting Europe Ltd., Uxbridge, United Kingdom). Sulfur-sufficient and deficient
fertilization was obtained by using Blake-Kalff (BK) media [42] with 1 mM MgSO; (+S) and 0.01 mM
MgSOy (=S), which are described in Weese et al. [41].

2.2. Verticillium longisporum Material, Growth and Cultivation

The V. longisporum strain VL43 WT (wild-type) was obtained from Prof. Dr. Andreas
von Tiedemann (Department of Crop Sciences, Division of Plant Pathology and Crop Protection,
Georg-August-University, Gottingen, Germany). The strain was first isolated from OSR in
Mecklenburg/Germany in 1990 [43].

Two media from Difco™ were used for the cultivation of V. longisporum, which were prepared as
specified by the manufacturer. In order to achieve a uniform mycelium formation, and the highest
possible sporulation rate for V. longisporum, it was cultivated in two steps. For the first step of
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cultivation, 250 mL potato dextrose broth (PDB) was prepared and autoclaved. 900 uL of glycerol
VL43 WT spore stock solution (1 x 10° spores per ml) was added to the medium after cooling down
and aluminum foil was used to keep the culture in the dark. After 2 to 3 weeks of shaking at 22 °C
at 120 rpm, the mycelium was separated under sterile conditions with the aid of gaze (0.2 pm) and
transferred to glass flasks with 250 mL of autoclaved Czapek-Dox broth (CDB). Cultures were wrapped
with aluminum foil and were shaken at 22 °C and 110 rpm for 2 more weeks.

2.3. Inoculation Procedure of Brassica napus with Verticillium longisporum

Seven days old B. napus seedlings were mock-inoculated with CDB or root dip-inoculated for
45 min in a mycelium-spore mixture. In this study seedlings were infected at four different time points
(Figure 1a) according to the harvesting time points chosen in Rumlow et al. [44]. Infection for the time
points 0 h and 16 h were performed in the dark. All plants were watered for 3 d with distilled water.
At 3 d post inoculation (dpi), above ground plant material of eight plants for each treatment was
harvested and tested for the infection status using qPCR (Table 1). The remaining plants were then
divided into sufficient (+S) and deficient (-S) sulfur-fertilized groups (Figure 1b). After 7 dpi and
14 dpi, above ground plant material of eight plants for each treatment was harvested and directly
frozen into liquid nitrogen. Frozen samples were ground to a fine powder and stored at —80 °C until
further analysis (Table 1). For histological examination, the hypocotyl of one plant for each treatment
was harvested at 14 dpi and 21 dpi and initially conserved in formaldehyde-alcohol-acetic acid (FAA).
This experiment was performed two times.

432 seedlings grown on
BK-plates

4 different time-points of inoculation (TPI)
TPII TPIII TPLII TPIIV
Oh 4h 12h 16 h
1 h before 3 hafter 1 h before the 3 h after the
the onset the onset light was light was
of light of light switched off switched off

Mock-inoculation with CDB (C) and root-dip inoculation with
mycelium spore-mixture (VL)

9 3 4 9
54C 54C 54C 54C
and and and and

54 VL 54 VL 54 VL, 54 VL
plants plants plants plants

(a)
Watering plants for 3 d with distilled water, harvesting 8 plants
without roots for each treatment, then subdivided C and VL plants
into sufficient (+S) and deficient (-S) sulfur fertilization

19 C+S and 19C+Sand 19 C+Sand 19 C+Sand
19C-s 19C-s 19C-s 19C-s
plants plants plants plants

19VL+Sand | 19VL+Sand | 19VL+Sand |19 VL+Sand
19 VL.-S 19 VL-S 19VL-S 19 VL-S
plants plants plants plants

(b)

Figure 1. Experimental design. (a) Scheme for the infection experiment at different time points of
inoculation (TPI). Control plants (C) were germinated in Blake Kalff medium (BK), mock-inoculated
with Czapek-Dox broth (CDB) and infected plants (VL) with mycelium-spore mixture. (b) C and VL
plants were watered for 3 d with distilled water, then subdivided into C and VL with sufficient (+S)
and deficient (-S) sulfur fertilization.

56



Agrononty 2020, 10, 1227 50f23

Table 1. Overview of the fertilization procedure, sampling and conducted methods.

Fertilization Harvesting Sample Size of Each Group Method
Distilled water as required 3dpi Eight plants without root DNA:I,%?“IO“
DNA-extraction
Distilled water as required and qPCR
Corresponding BK medium 7 dpi Eight plants without root Elemental analysis via ICP-OES
(+8/-9) 1: 150 mL each pot weekly GSL analysis via HPLC

Cysteine and glutathione analysis via HPLC
DNA-extraction

) ) qPCR
14 dpi EI—IIgi:ttOIl)éanfshWIfi\?;t l{i;t Elemental analysis via ICP-OES
P 5Y: ypocoty GSL analysis via HPLC

one plant

Cysteine and glutathione analysis via HPLC
Histology: Toluidine blue staining
Only histology: hypocotyl of

21 dpi 1 plant

Histology: Toluidine blue staining

1 +S BK medium with 1 mM MgSOy; —S BK medium with 0.01 mM MgSQy; start of fertilization after the first
sampling at 3 dpi.

2.4. DNA Extraction

The DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) was used for extraction of V. longisporum
DNA from B. napus. The extraction was carried out as specified by the manufacturer with the following
modifications. For each sample approx. 50 mg of ground and frozen plant material was used. After the
incubation at 65 °C, tubes were placed on ice for about 1-2 min to cool down to room temperature (RT).
Centrifugation steps were carried out at 16,100 g. In order to remove the residual EtOH from the
spin column, the tubes were left open for approximately 1-2 min at RT prior to elution with 50 uL.
Buffer AE. The DNA concentration of the samples was determined photometrically at 260 nm with
a Microplate-Reader (Synergy Mix, Multi-Mode Microplate Reader) (BioTek Instruments GmbH,
Bad Friedrichshall, Germany).

2.5. Real-Time Quantitative PCR

The real-time quantitative polymerase chain reaction (qQPCR) was used for the detection and
quantification of V. longisporum DNA in B. napus. The qPCR works with two fluorescent dyes, contained
in the used Platinum® SYBR® Green qPCR SuperMix UDG with ROX (Invitrogen™ by Thermo
Fisher Scientific GmbH, Dreieich, Germany). For the samples, a master mix without template DNA
was prepared. 18 pL of master mix were placed in the 96-well plates (white; without frame; 0.2 mL,
Sarstedt, Niimbrecht, Germany), to which 2 pL diluted sample DNA (final concentration between
0.5-1 ng uL~1), standard DNA of V. longisporum or pure H,O (negative controls) were pipetted. For the
standard series 1 ng uL !~ standard DNA was prepared from extracted DNA of pure V. longisporum VL43
WT culture (standard series from 1 ng VL-DNA uL !~ to approx. 1 pg VL-DNA pL™!). For this study
the primers OLG70 (CAGCGAAACGCGATATGTAG) and OLG71 (GGCTTGTAGGGGGTTTAGA)
from Eynck et al. [45] were selected. The primers were adapted to the used qPCR program by base
modification (OLG70: CGCAGCGAAACGCGATATGTAG; OLG71: CGGGCTTGTAGGGGGTTTAGA).
The qPCR analysis was performed with the 7300 Real Time System (Applied Biosystems by Thermo
Fisher Scientific, CA, USA). The used software was Abi 7300 System SDS (Applied Biosystems by
Thermo Fisher Scientific). The qPCR program consisted of four stages starting with a 50 °C step
for 2 min. PCR amplification was carried out using an initial denaturation step for 2 min at 95 °C,
which was followed by 40 reaction cycles consisting of a 15 s denaturation step at 95 °C and an
annealing and elongation step for 1 min at 60 °C. To verify amplification of the specific target DNA,
a melting curve analysis was included. Additionally, the PCR product was checked by agarose gel
electrophoresis for correct size. By using the Ct values of the individual samples in the logarithmic
straight-line equation of a standard series with samples of defined concentration, the concentration of
the examined DNA sequence can be calculated.
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2.6. Elemental Analysis and Analysis of Soluble Thiol Compounds

The analysis of elements was carried out as described in Weese et al. [41]. The determination of
thiols was done according to Riemenschneider et al. [46].

2.7. Analysis of Glucosinolates

The analysis of GSLs was performed as described in Hornbacher et al. [18] with one modification.
The content of GSLs was determined using 500-700 mg of ground and frozen plant material for the
extraction step.

2.8. Histological Analysis

For histological examination the hypocotyls were preserved in FAA (70% EtOH, 100% acetic acid,
37% formaldehyde; 18:1:1, v/v/v) and then dehydrated in an ascending alcohol series (70% EtOH for
60 min; 80%, 90% and 99% EtOH for each 120 min). Next, 80% EtOH was mixed with Eosin Y (Eosin
yellowish) (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). The dye slightly stains the hypocotyl
pieces without affecting the subsequent staining method and thus facilitates the orientation during
embedding. The samples were embedded with Technovit ® 7100 (Kulzer GmbH, Hanau, Germany).
The pre-infiltration, infiltration and polymerization were carried out as specified by the manufacturer
with the following modifications. The infiltration step was done for about 18 h. The hardening of the
samples at the polymerization step required about 24 h in the embedding moldings (Polyethylene
Molding Cup Trays, 6 X 8 X 5 mm hexagon; nine cavities) (Polysciences Europe GmbH, Hirschberg an
der Bergstrasse, Germany). Subsequently, the hardened resin blocks were taken out of the molding cups
and dried for approximately further 48 h at RT before they were cut. The cross sections (25 pm thick) of
the embedded hypocotyls were made with a rotary microtome (R. Jung AG 1960, Heidelberg, Germany)
using a d-blade (16 cm steel-blade, d-profile) (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany).
The cross sections were threaded onto slides wetted with distilled water. On each slide eight cross
sections were placed in two rows. The slides were dried at 140 °C on a heating plate for histology
slides (HB 300) (Gestigkeit Harry GmbH, Diisseldorf, Germany) for 1-2 h. In order to detect vascular
occlusions hypocotyl cross sections were stained with 0.05% (w/v) toluidine blue (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) for 10 min at 60 °C [47]. The slides were washed with
distilled water and then dried at 100 °C for 1 h. The cross sections were mounted with Eukitt®
(Sigma-Aldrich Chemie GmbH) for permanent conservation. Images of samples were taken with a
light microscope in bright field (Microscope: CX31; Camera: U-CMA D3) (Olympus Europa SE & Co.
KG, Hamburg, Germany) (Software: NIS Elements, Version 4.50 64-bit) (Nikon GmbH, Diisseldorf,
Germany). From each hypocotyl sample at least two slides with each eight cross sections were prepared.
For the evaluation microscopic images of five cross sections were made and the following parameters
have been defined: number of total tracheas in the xylem, number of occlusions in the mid area of
the xylem (mXy) and number of occlusions in the periphery of the xylem (pXy). Figure 2a shows the
distribution of different tissue types in a cross section of a hypocotyl of B. napus, starting from the
middle with pith (Pi), xylem (Xy), cambium (Cam) and phloem (Ph). Figure 2b shows the definition of
the counting range of occlusions. This area had to be redefined for each microscopic image. From the
Pi to half of the Xy became the mXy counting region, the other half the pXy counting region. Counting
was performed with help of the open source image processing package “Fiji” [48].
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Figure 2. Different tissue types in the cross section of a hypocotyl from B. napus and the definition
of the counting range of the occlusions. (a) The tissue distribution of a hypocotyl cross section of
B. napus: Pi: Pith; Xy: Xylem; Cam: Cambium; Ph: Phloem. (b) A simplified representation of the
counting ranges of the occlusions for mid area of the xylem (mXy; red circle, red arrow) and periphery
of the xylem (pXy; orange circle, orange arrow). For each cross section, the range from Pi to Cam was
measured. The measured distance was divided in half and defined to mXy and pXy.

2.9. Statistical Analysis

Glucosinolate concentrations as well as cysteine and glutathione concentrations were
log-transformed before analysis due to finding right skewed distributions and variance increasing
with mean. The transformed data were analyzed in general linear models with four factors and all
two-way interactions between the four factors. Based on the fitted models, analysis of variance was
performed to test the significance of main effects and interactions and Tukey tests for the model-based
means of factor TPI were performed jointly across all other factor levels and separately for VL-infected
and mock-infected groups.

To analyze the histological data of occlusions in the xylem vessels of infected plants, the counted
total number of mid occlusions among the total number of tracheae per plant was analyzed in
a generalized linear model with logit link and assumption of over dispersed binomial data [49].
The model contained main effects for the three factors dpi, TPI and different sulfur supply and
their two-way interactions. After model fit, F-tests in analysis of deviance were used to test the
significance of these effects. Data of the elements sulfur, calcium, potassium and iron were analyzed
without transformation in a model with four factors and their two-way interactions. Based on the
fitted Modell ANOVA-tables and multiple comparisons of model-based means were performed
(R package emmeans).

Log-transformed qPCR data were analyzed using a three-factorial model with effects dpi (3, 7
and 14) and TPI (I, II, IIT and IV) crossed, including an interaction term and effect of sulfur supply
nested in effect of dpi. Based on the fitted model, analysis of variance tables was computed and
multiple comparisons were performed using R package emmeans. Analysis was performed in R
3.6.1 [49] using the add-on package emmeans (version 1.4) [50] for model-based comparisons of means.
In order to verify the success of the infection, a qPCR analysis was carried out at 3 dpi, afterwards
the fertilization began with sufficient and deficient sulfur supply. Hence, it seems to be useful to
include the infection status, from which the different fertilization began, in comparison with the
results of the elemental and metabolite analysis from 7 and 14 dpi. However, the two runs of the
experiment proceeded differently with respect to the qPCR results, which means that the VL-infected
groups are differentially infected, resulting in varying responses of host plants. Therefore, the two
experiments had to be analyzed statistically separately. The results of one experiment are analyzed
and discussed below as an example. The data of the other experiment can be found in the Supplement
data (Tables S1-S7; Figures S1-53).
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3. Results

3.1. Detection and Verification of the Infection with V. longisporum in B. napus

In order to investigate spreading of V. longisporum after infection in the plant, qPCR analysis
was performed with samples collected at 3, 7 and 14 dpi using primers for the amplification of ITS.
The amount of V. longisporum (VL) DNA was calculated in VL DNA g~! fresh weight (FW) of the
plant material. Samples of 3 dpi were not differentially fertilized yet, therefore, the data shows the mean
of two biological replicates. Only the data of VL-infected plants are shown in Table 2 because control
samples showed a maximum of 5% of the values of infected plants, or the amount of the VL-DNA was
below the limit of detection or below limit of quantification, respectively (data not shown).

Table 2. Amount of V. longisporum VL43-DNA detected by qPCR with ITS primers in B. napus. Status of
infection rate in mycelium-spore inoculated plants calculated in ng VL DNA g_1 FW; VL without +5/-S
fertilization: samples, consisting of eight pooled plants, at 3 dpi without different sulfur fertilization,
only distilled water as required; 7 dpi and 14 dpi: plants were fertilized with different sulfur supply;
due to the limited plant material, only one measurement could be carried out. TPII, 1 h before the
onset of the light; TPI1I, 3 h after the onset of the light; TPIIII, 1 h before the light is switched off; TPI1V,
3 h after the light is switched off. Significant change in the measured values over the harvest period 3, 7
and 14 dpi (p = 0.002); Significant difference between TPITand TPIIV (p = 0.008); Significant effects
for TPI depending on dpi (p = 0.01); Significant effects of sulfur supply depending on dpi (p = 0.01);
Significant effects for VL +S between 7 and 14 dpi (p = 0.0001) and between VL +S and VL —S at 14 dpi

(p = 0.0003).
3 dpi/ng VL DNA g‘1 FW VL without +S/-S Fertilization VL without +S/-S Fertilization
TPI T 6.17 7.05
TPIII 13.85 10.54
TPIIIT 17.22 19.54
TPIIV 27.12 27.20
7 dpi/ng VL DNA g~! FW VL +S VL -S
TPII 13.54 12.37
TPIII 4.03 7.68
TPIIII 8.01 12.50
TPIIV 8.15 8.27
14 dpi/ng VL DNA g1 FW VL +S VL -S
TPII 0.29 4.79
TPIII 1.06 5.87
TPI I 0.51 1.82
TPIIV 0.33 5.45

At 3 dpi the content of VL-DNA was the highest in plants of TPI IV compared to TPI I in both
groups that were not fertilized differently at that time (p = 0.002). At 7 dpi the amount of VL-DNA
was higher in VL-infected +S (54%) and —S (43%) groups at TPI I compared to the plants of 3 dpi.
The contents in plants of TPIII-IV were lower in both VL-infected groups compared to 3 dpi. At 14 dpi
the content of VL-DNA was lower in both VL-infected groups at all TPIs compared to plants at 7 dpi.
Most importantly, the contents of VL-infected +S plants were significantly lower compared to —S plants.
In summary, significant effects for TPI depending on dpi (p = 0.01) and significant effects for sulfur
supply depending on dpi (p = 0.01) were observed.

3.2. Stunting of B. napus Plants Infected with the V. longisporum Strain VL43

Three plants of all treatments were selected and photographically documented at 14 dpi.
VL-infected plants, which were fertilized with sufficient sulfur were smaller compared to non-infected
control plants at 14 dpi (Figure 3; A1-A4: control plants; B1-B4: VL-infected plants).
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Figure 3. Brassica napus plants at 14 dpi cultivated at two different sulfur regimes and either infected
with the V. longisporum strain VL43 or non-infected. Plants under sufficient (1 mM MgSOy: +S) and
deficient (0.01 mM MgSOy: —S) sulfur supply at 14 dpi; A1-A4: control plants +S; B1-B4: VL-infected
plants +S; C1-C4: control plants —S; D1-D4: VL-infected plants —S; red scale bar 5 cm.

The non-infected and VL-infected plants, which were cultivated under sulfur-limited conditions
showed a decreased growth rate manifested in lower plant height, smaller leaves and overall stunting
(Figure 3). Leaves were partially chlorotic and purple in color, with the leaf surface feeling leathery and,
in some areas, slightly broken off. In addition, the leaf margin of some plants bulged inward or
outward. Overall, infection itself, but not the TPI, had an effect on the plant’s appearance.

3.3. Levels of Indolic, Aliphatic and Benzylic GSLs in Mock-Treated and Plants Infected with V. longisporum at
Different TPIs and Under Different Sulfur Supplies

As GSLs are known to be part of the plant’s response to pathogens, contents of GSLs in samples of
7 dpi and 14 dpi were analyzed by HPLC. Overall, contents of all GSLs were lower in sulfur-deficient
plants compared to sulfur-sufficient plants at all TPIs and changes became more pronounced at
14 dpi (Table 3). Contents of glucobrassicin were higher in VL-infected plants at all TPIs compared
to non-infected plants. Even at 14 dpi when glucobrassicin contents were much lower compared to
7 dpi in non-infected plants, infected plants showed higher contents compared to non-infected plants
(Table 3). Small changes were observed in neoglucobrassicin contents between the TPIs, with contents
being higher in TPI IV compared to TPI I at 7 dpi in plants of both fertilization groups. Lower contents
of neoglucobrassicin were observed at 14 dpi in plants of all groups, but no major differences were
observed between infected and non-infected sulfur-sufficient plants.
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Table 3. Contents of iGSLs (glucobrassicin, neoglucobrassicin and 4-hydroxyglucobrassicin) in mock-
and mycelium-spore inoculated plants at 7 dpi and 14 dpi; data from 7 and 14 dpi represent the result of
one measurement; hypothetical SDs of samples from 7 dpi based on previous measurements can range
between 2-25%; random SDs of samples from 14 dpi based on three dependent technical replicates;
the reason for only one measurement is the low amount of the plant material due to space limitation in
climatic chambers.

Glucobrassicin [nmol g~ DW]

7 dpi C+S VL +S Cc-s VL -S 14 dpi C+S VL +S c-s VL -S
TPIT 195.99 304.14 136.91 328.44 TPIT 92.52 + 4.30 158.54 +7.70 0.41 10.76
TPIII 231.11 348.42 162.56 230.67 TPIII 109.19 123.30 0.06 + 0.02 2.75+0.78
TPIIII 262.87 356.19 202.76 297.80 TPIII 97.09 £ 9.92 165.79 0.32 11.91
TPIIV 351.40 456.19 213.60 267.74 TPIIV 106.38 139.87 + 3.86 111 1231 +0.84
Neoglucobrassicin [nmol g~! DW]
7 dpi C+S VL +S Cc-s VL-S  14dpi C+S VL +8 Cc-s VL -8
TPIT 28.83 29.87 20.62 39.53 TPIT 20.71 £ 3.58 17.77 + 1.30 293 5.83
TPIII 37.80 40.12 28.44 47.18 TPIIT 22.74 20.01 2.60+0.23 6.20 +1.45
TPIIII 37.14 28.95 28.37 21.53 TPIIII 19.05+2.78 19.58 4.05 6.99
TPIIV 41.08 43.18 33.60 31.21 TPIIV 23.32 23.62 + 1.64 5.18 8.27 +£0.82
4-Hydroxyglucobrassicin [nmol g~! DW]

7 dpi C+S VL +S Cc-s VL-S  14dpi C+S VL +8 c-s VL -S
TPIT 9.04 20.19 19.24 3.47 TPIT 1494 +1.42 19.80 + 5.84 0.40 0.19
TPIII 9.97 22.83 18.44 0.96 TPIII 15.00 6.74 0.29 +0.02 0.22 +£0.03
TPIIII 493 20.20 2.08 5.30 TPIIII 14.76 + 2.87 4.00 0.27 0.32
TPIIV 16.24 10.77 7.35 142 TPIIV 25.93 9.16 +4.34 0.29 0.32 +£0.04

Sulfur-deficient and infected plants on the other hand showed higher contents compared
to non-infected sulfur-deficient plants. Sufficiently sulfur-fertilized and infected plants showed
higher contents of 4-hydroxyglucobrassicin at 7 dpi compared to non-infected controls but only
in sulfur-sufficient plants contents were higher at TPI VI. Contents were lower in infected and
sulfur-deficient plants, compared to non-infected and sulfur-deficient plants. At 14 dpi, contents of
4-hydroxyglucobrassicin were higher in sulfur-sufficient non-infected plants, but were lower in all
other groups compared to 7 dpi. The differences between 7 and 14 dpi (p = 0.00002) and the effect of
different sulfur supply (p = 0.00005) were significant. Overall, the entirety of iGSLs showed significant
differences between control and VL-infected plants (p = 0.00003).

Contents of aGSLs were also lower in sulfur-deficient plants compared to sulfur-sufficient plants,
which became more pronounced at 14 dpi compared to 7 dpi (Table 4). Infected and sulfur-sufficient
plants showed higher contents of all aGSL at 7 dpi compared to non-infected plants, whereas at
14 dpi the contents of aGSL where only higher in TPI1 in infected sulfur-deficient plants compared to
non-infected plants.

At 14 dpi, contents of aGSLs were lower in infected and sulfur-sufficient plants infected at TPI1I
to TPI IV compared to infected sulfur-sufficient plants harvested at 7dpi infected at the same TPIs.
This effect was less pronounced in contents of glucoalyssin, glucoraphanin and glucobrassicanapin
at TPI L. Contents of progoitrin were consistently higher in infected sulfur-deficient plants at 14 dpi
compared to non-infected plants, whereas contents of other aGSLs were lower with a few exceptions
regarding the TPIs. Overall, aGSLs showed a significant effect in terms of dpi on the average over the
other factors (p = 0.0004) and significant differences between control and VL-infected plants (p = 0.02).

Contents of gluconasturtiin were higher in all infected plants, when compared to
non-infected plants, even regardless of sulfur-fertilization, or TPIs (Table 5). Highest contents
were observed in infected and sulfur-sufficient plants. Like other GSLs, gluconasturtiin contents were
lower at 14 dpi in sulfur-deficient non-infected plants, when compared to 7 dpi, but levels were up to
5 times higher in sulfur-deficient and infected plants, when compared to non-infected plants. Infected
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and sulfur-sufficient plants at 14 dpi had lower contents compared to plants harvested at 7 dpi from
the same group, but still had higher contents compared to non-infected plants.

Table 4. Contents of aGSLs (progoitrin, glucoalyssin, glucoraphanin, glucobrassicanapin and

gluconapin) in mock- and mycelium-spore inoculated plants at 7 dpi and 14 dpi; data from 7
and 14 dpi represent the result of one measurement; hypothetical SDs of samples from 7 dpi based on

previous measurements can range between 3-35%; random SDs of samples from 14 dpi based on three

dependent technical replicates; the reason for only one measurement is the low amount of the plant

material due to space limitation in climatic chambers.

Progoitrin [nmol g_l DW]

7 dpi C+S VL +S C-S VL -§S 14 dpi C+S VL +S Cc-S VL =S
TPIT 93.98 171.34 68.43 210.08 TPIT 58.07 + 1.60 104.17 £ 9.41 0.75 0.97
TPIII 89.62 219.13 111.49 7220 TPIII 95.27 97.67 143 +£0.43 0.90 +0.25
TPIIIT 61.33 169.01 46.83 109.53 TPINI  105.96 +12.33 108.96 0.48 0.73
TPIIV 170.73 241.14 103.43 113.41 TPIIV 95.63 107.59 + 8.89 0.89 1.04 £ 0.05
Glucoalyssin [nmol g=! DW]
7 dpi C+S VL +S Cc-s VL -S 14 dpi C+S VL +S Cc-S VL -S
TPII 69.56 99.80 30.68 119.98 TPII 5431 +1.73 95.48 + 11.29 4.74 0.65
TPIII 54.13 183.47 56.26 47.09 TPIII 84.88 70.56 6.51 + 0.66 298 +£0.33
TPIIII 29.23 116.93 18.61 42.17 TPIIII 91.62 + 10.66 79.63 291 295
TPIIV 115.74 203.69 50.57 39.80 TPIIV 108.33 87.88 + 11.79 3.72 3.28 +0.36
Glucoraphanin [nmol g~! DW]
7 dpi C+S VL +S Cc-s VL -S 14 dpi C+S VL +S c-s VL -S
TPIT 14.39 14.35 2.69 9.09 TPIT 9.93 +0.34 14.83 + 1.61 215 3.91
TPIII 3.58 25.61 6.82 211 TPIII 13.25 8.23 291+0.70 3.54+0.19
TPIIII 1.56 17.26 154 2.30 TPIIII 11.81 +2.10 8.21 0.88 6.72
TPIIV 13.40 27.65 4.44 4.16 TPIIV 17.89 8.52+2.38 2.00 7.54+1.14
Glucobrassicanapin [nmol g~! DW]
7 dpi C+S VL +S Cc-s VL -S 14 dpi C+S VL +S c-s VL -S
TPIT 23.89 45.03 13.68 65.71 TPIT 27.14 £ 1.30 43.01 £ 3.90 0.50 0.50
TPIII 42.35 54.84 26.62 20.18 TPIII 45.36 61.28 0.30 £ 0.03 0.32 £0.27
TPIIII 20.54 37.22 15.41 23.31 TPIII 56.59 + 6.94 66.76 0.44 0.21
TPIIV 43.87 52.53 30.01 13.38 TPIIV 46.39 62.48 +3.26 0.60 0.33+0.13
Gluconapin [nmol g~! DW]

7 dpi C+S VL +S C-s VL -S 14 dpi C+S VL +S Cc-s VL -S
TPIT 35.33 70.21 11.30 39.84 TPIT 22,13 £0.93 38.01 £2.25 147 0.77
TPIII 28.10 77.65 24.91 8.63 TPIIT 39.35 28.64 1.60 + 0.38 0.34 +0.09
TPIIII 11.18 55.26 8.48 11.70 TPIIII 55.56 + 7.99 32.10 1.95 0.35
TPIIV 70.01 77.80 16.69 12.60 TPIIV 45.30 29.42 £294 217 0.37 +£0.09

Table 5. Contents of the bGSL gluconasturtiin in mock- and mycelium-spore inoculated plants at 7 dpi
and 14 dpi; data from 7 and 14 dpi represent the result of one measurement; hypothetical SDs of samples

from 7 dpi based on previous measurements can range between 1-25%; random SDs of samples from
14 dpi based on three dependent technical replicates; the reason for only one measurement is the low

amount of the plant material due to space limitation in climatic chambers.

Gluconasturtiin [nmol g~1 DW]

7 dpi C+S VL +S Cc-s VL -S 14 dpi C+S VL +S Cc-s VL -S
TPIT 98.71 215.12 92.05 171.25 TPIT 52.05+143 12592 +8.14 10.40 55.84
TPIII 69.16 190.75 107.36 183.82 TPIII 44.07 86.90 5.69+0.09 3556 +6.55
TPIII 55.98 240.52 84.85 191.47 TPIII  51.71 £4.10 142.95 6.92 50.17
TPIIV 123.95 263.75 101.10 230.38 TPIIV 59.60 109.09 +2.78 10.22 45.62 + 1.56
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Overall, contents of glucobrassicin as well as gluconasturtiin were always higher in infected plants,
when compared to non-infected plants. Although sulfur-deficiency led to lower contents of these GSLs
in non-infected and infected plants, amounts were still higher in the latter ones. On the other hand,
contents of aGSLs were observed to be lowered in a higher manner by sulfur-deficiency compared to
the other GSLs analyzed. Infected plants showed only higher contents of aGSLs at all TPIs at 7 dpi and
when supplied with sufficient sulfur.

The contents within the TPIs in control +5- and VL-infected -S-groups were nearly similar,
while contents in control —S-groups were overall the lowest. The differences in the levels of
gluconasturtiin in control and VL-infected plants were significant (p = 0.003).

3.4. Levels of Cysteine and Glutathione

Since the cysteine pool is essential for sulfur metabolism and is used to synthesize sulfur-
containing secondary metabolites, its contents were analyzed alongside with GSH, which is used for
the synthesis of secondary metabolites, for detoxification purposes and as an antioxidant.

Contents of cysteine as well as GSH were severely lower in sulfur-deficient plants compared to
sulfur-sufficient plants. The effects became more pronounced in plants harvested at 14 dpi (Table 6).

Table 6. Thiol analysis performed with HPLC: contents of cysteine and glutathione (GSH) in mock-
and mycelium-spore inoculated plants at 7 and 14 dpi; data of 7 dpi represents the result of one
measurement; the reason for only one measurement is the low amount of the plant material due to
space limitation in climatic chambers.; data of 14 dpi represents the mean of three dependent technical
replicates + SD.

Cysteine [nmol g~ FW]

7 dpi C+S VL +S C-s VL -S 14 dpi Cc-S VL +S Cc-S VL -S
TPIT 27.41 28.03 13.80 6.57 TPIT 17.73 +1.42 19.66 + 1.58 2.95+0.52 4.60 +0.30
TPIII 20.57 28.43 8.62 16.29 TPIII 22,07 + 1.30 2142 +1.33 1.93 £0.20 1.99 + 0.60

TPIIII 18.57 24.66 13.70 15.43 TPIIII 23.35+ 091 21.72 £ 2.05 1.98 +0.36 341+0.17
TPIIV 28.51 30.26 11.85 12.00 TPIIV 20.20 + 1.50 18.77 +1.97 1.79 + 0.88 410+ 0.26
GSH [nmol g‘l FW]
7 dpi C+S VL +S C-S VL -S 14 dpi C+S VL +S Cc-S VL -S
TPIT 559.17 420.96 278.54 568.68 TPIT 671.79 £26.98  707.66 +£22.27 6621 +4.98 136.38 +13.05
TPIIT 646.72 629.21 276.83 464.82 TPIIT 690.45 +13.15 750.78 +20.13 68.52+9.78  63.00 + 3.03
TPIIII 519.29 588.02 312.53 348.69 TPIIII 630.34 +47.26  720.24 +37.57 65.16 £ 1.73 84.59 +2.99
TPIIV 522.86 544.11 253.71 379.52 TPIIV 70557 +31.60 72597 +12.47 5899 £2.20  98.21 +6.30

Sufficiently sulfur-fertilized and infected plants showed slightly higher contents of cysteine,
when compared to non-infected plants only at 7 dpi. Infected sulfur-deficient plants had higher
contents of cysteine at TPLII - TPIIV compared to non-infected plants, which shifted in plants harvested
at 14 dpi, where contents were higher at all TPIs except for TPI II. The infection had no clear effects on
the content of GSH in sulfur-sufficient plants at 7 dpi, whereas at 14 dpi contents were much higher in
infected plants, compared to non-infected ones. Even though sulfur deficiency led to lower contents of
GSH at 7 dpi and most notably at 14 dpi, contents were much higher in infected plants, compared to
non-infected plants at both dpis. Levels of GSH showed a significant difference when the control and
VL-infected plants were compared (p = 0.002).

3.5. Levels of Sulfur, Calcium, Potassium and Iron

The amounts of sulfur (Table 7), calcium, potassium and iron (Table S8) were analyzed in control
and VL-infected samples of 7 and 14 dpi with ICP-OES to get an insight on the effects of infection and
sulfur deficiency on the contents of other essential elements.
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Table 7. Elemental analysis: contents of sulfur content in mock- and mycelium-spore inoculated
plants measured by ICP-OES at 7 and 14 dpi; data represent the mean of three dependent technical
replicates + SD.

Sulfur [mg g~! DW]
7 dpi C+S VL +S Cc-S VL -S§ 14 dpi C+S VL +S Cc-§ VL -S
TPII 8.63 £ 0.02 7.74 +0.02 1.33 +£0.01 3.12£0.02 TPII 6.32 +0.04 5.29 +0.02 0.73 +£0.00 1.02 + 0.00
TPIII 10.11+£0.06  9.52 +0.06 2.09 +0.01 2.58 +0.02 TPITI 6.91 +0.00 6.51 +0.01 0.71£0.01 1.19 +0.00
TPIIIT 10.72+0.00  8.62 +0.02 213 +0.00 3.01 +0.00 TPIIIT 5.31 +0.02 6.71 + 0.05 0.57 + 0.00 0.61 + 0.00
TPIIV 8.70 £0.01 7.95+0.04 207 +0.01 2.15+£0.01 TPIIV 5.61 +0.02 6.00 +0.03 0.63+£0.00 0.72+0.00

Reduced amounts of sulfur in the nutrient solution led to lower levels of sulfur in both non-infected
and infected plants, with contents being higher in the latter ones compared to non-infected plants.
Sulfur contents were lower in sulfur-deficient plants at 14 dpi compared to plants at 7 dpi (Table 7).
The infection had no clear effect on sulfur contents in plants supplied with sufficient sulfur.
The difference in the sulfur content between 7 and 14 dpi was significant (p = 0.0001). The difference in
the potassium content between 7 and 14 dpi was significant (p = 0.003). Comparing 7 and 14 dpi with
control- and VL-infected plants, the differences in iron contents were significant (p = 0.006).

3.6. The Influence of Different TPIs and Different Sulfur Supply on the Occurrence of Occlusions in the Xylem
of B. napus Infected with V. longisporumSstrain VL43

It is known that in B. napus the formation of blockages in the xylem is induced to protect
against the spread of V. longisporum, whereby resistant plants are characterized by a significantly
stronger appearance of occlusions in the tracheae vessel elements [10,51]. Based on these observations,
histological sections of hypocotyls were prepared in order to establish a possible correlation between
the occurrence and severity of occlusions within TPIs and different sulfur fertilization conditions.
Hypocotyls of plants were harvested at 14 and 21 dpi and cross sections of control and VL-infected
plants were stained with toluidine blue. Figure 4 shows a representative selection of microscopic
pictures of hypocotyls of VL-infected plants grown under sufficient and deficient sulfur supply from
14 and 21 dpi. Control plants occasionally showed occlusions in the peripheral area and were therefore
not listed in the statistics or microscopic pictures (Figure S4).

The number of occlusions in tracheae of the mid area of the xylem was counted and calculated as
the percentage of total tracheae in the pictured area (Table 8).

Table 8. Occurrence of occlusions at 14 and 21 dpi in the mid area of the xylem of B. napus plants infected
with V. longisporum strain VL43; data represent the mean of five dependent technical replicates + SD.

Occurrence of Occlusions in the Mid Area of the Xylem [%]

14 dpi VL +S VL -S 21 dpi VL +S VL -S
TPIT 34.60 + 0.52 7.75 + 0.50 TPII 38.17 + 0.64 34.42 +0.38
TPIII 21.42 +£0.32 9.33 +£0.52 TPIII 33.89 + 0.50 30.44 + 0.61
TPIIIL 8.18 £ 0.17 3.56 + 0.30 TPIIII 29.60 + 0.32 20.11 +£0.39
TPIIV 3.29+0.24 513 £ 0.67 TPIIV 27.99 +0.20 8.90 £ 0.30

Infected plants fertilized with sufficient sulfur showed much more occlusions compared to
sulfur-deficient plants at 7 dpi. The amount of occlusions was the highest at TP11 and was lower the
later the plants were infected. The TPI with the least occlusions found in infected plants was at TPIIV.
This pattern was the same in sulfur-sufficient plants harvested at 21 dpi and occurred in sulfur-deficient
plants as well. The amount of occlusions was significantly higher in infected sulfur-deficient plants at
21 dpi when compared to 7 dpi at all TPIs. The number of occlusions differed significantly between
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TPIIand TPIIII, as well as TPITand TPIIV (p = 0.03). The difference between 14 and 21 dpi was also
significant (p = 0.0005).

VL-infected -S

VL-infected -S

\ 14 dpi TPI IV | | 21 dpi TPIIV

Figure 4. Occurrence of occlusions in the xylem of B. napus: toluidine blue stained cross sections of
hypocotyls of mycelium-spore inoculated plants. 14 dpi: A1-A4: VL-infected +S at TPI I-IV; B1-B4:
VL-infected —S at TPII-IV; 21 dpi: C1-C4: VL-infected +S at TPI I-IV; D1-D4: VL-infected —S at TPI
I-1V; scale bar 100 um.

4. Discussion

This work focused on the question whether the susceptibility of B. napus to an infection with
V. longisporum differs over the course of the day. In addition, the influence of sufficient and deficient
sulfur fertilization on the course of the infection was of interest. In order to gain insight into this relation,
plants were inoculated at different TPIs with a mycelium-spore mixture of V. longisporum and were
subsequently fertilized with different sulfur supplies (+S/=S). In order to detect an infection with
V. longisporum, the DNA content of the pathogen was carried out using qPCR analysis (Table 1). In case
of artificial inoculation under laboratory conditions, there is no resting phase for the host plant as well
as for the fungus, therefore colonization of the vascular system is probably more rapid [52] and disease
symptoms are different compared to plants growing in field conditions [53]. Using the entire plant
(without roots) shows a more realistic picture of the state of infection of B. napus compared to analysis
of only the hypocotyls of the plant. By activating defense mechanisms in B. napus it is possible that
the spread of V. longisporum is slowed down or even stopped. Since the DNA extraction procedure
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extracts DNA from living and dead tissue of the fungus, analysis performed only with hypocotyls
would reflect an inaccurate picture of the severity of the infection.

A special focus was put onto the role of GSLs in pathogen defense mechanisms, as previous
studies unveiled their positive effects against the infection with V. longisporum [5,54-56].

4.1. Higher Sulfur-Containing Compound Levels in Infected Plants—Battle (flor Survival?

Verticillium longisporum-infected and sulfur-deficient plants showed higher sulfur levels at all TPIs
compared to non-infected sulfur-deficient plants (Table 7). The difference in the uptake of sulfur by the
plants became even more pronounced at 14 dpi compared to 7 dpi, indicating that sulfur is taken up
at a higher rate by infected plants, compared to non-infected controls. Similar results were obtained
by Weese et al. [41], where B. napus plants infected with V. longisporum also contained more sulfur
compared to non-infected controls regardless of the sulfur supply. Verticillium longisporum invades the
amino acid-poor xylem, but since it needs them to thrive and grow to the upper parts of the plants
the transcription factor VICPC1 involved in the regulation of amino acid biosynthesis is induced [57].
Enhanced synthesis might therefore trigger uptake of elements essential to keep up with higher rates
of amino acid synthesis.

The higher uptake of sulfur is reflected in the contents of the sulfur-containing amino acid cysteine
in infected sulfur-sufficient plants at 7 dpi. Accordingly, sulfur fertilization of oilseed rape was
shown to significantly enhance contents of sulfur, cysteine and glutathione in a field experiment [58].
Additionally, a positive correlation between cysteine contents and the cysteine degrading enzyme
L-cysteine desulfhydrase releasing H,S, which is toxic to fungi, were observed in this study.

Similar levels in infected and non-infected and sulfur-sufficient plants could be explained by
higher usage of cysteine by the growing pathogen or the incorporation of cysteine in sulfur-containing
secondary metabolites like GSLs.

Contents of GSH are severely influenced by the sulfur supply of plants with contents being twice
as high in sulfur-sufficient plants compared to sulfur-deficient plants at 7 dpi and contents being
ten times higher in sulfur-sufficient plants compared to sulfur-deficient plants at 14 dpi underlining
the severity of sulfur deprivation (Table 6). Since GSH is involved in detoxification of ROS and
is oxidized to the disulfide form GSSG [59], it was expected that contents of GSH would be lower
in infected plants compared to non-infected controls. Astonishingly, infected and sulfur-deprived
plants manage to synthesize higher amounts of GSH compared to non-infected sulfur-deficient
plants indicating a higher de-novo biosynthesis in sulfur-deprived infected plants compared to sulfur
deficient non-infected controls. Similarly, although not as pronounced, GSH contents are higher in
infected and sulfur-sufficient plants compared to non-infected sulfur-sufficient controls, especially at
14 dpi indicating the need of more reducing equivalents to combat stress induced by the pathogen.
Accordingly, it was shown that artificially increased GSH levels in Nicotiana tabacum significantly
reduced its susceptibility to Euoidium longipes. It is hypothesized, that an initial increase of GSSG is
needed for the activation of a defense response against biotrophic pathogens [60]. Additionally, to its
ROS scavenging ability, GSH is used as primary sulfur donor in the biosynthesis of GSLs, indicating a
higher biosynthesis rate of GSH which is only partially reflected in its contents in the plants [61].

The role of the GSL gluconasturtiin has to be emphasized: contents of gluconasturtiin were higher
in VL-infected plants compared to non-infected controls, independent on sulfur supply (Table 5).
Eynck et al. [45] proposed gluconasturtiin to be especially important in the resistance of B. napus against
V. dahliae because of its direct inhibitory activity against the pathogen. It was further hypothesized that
V. longisporum probably adapted to B. napus to being its host by either suppressing or even avoiding
initiation of gluconasturtiin synthesis. With up to more than 3 times higher contents of gluconasturtiin
in VL-infected sulfur-sufficient plants compared to non-infected controls and up to about 1.5 times
higher contents even in sulfur-deficient infected plants it seems highly unlikely that the analyzed
V. longisporum strain is able to suppress the synthesis of gluconasturtiin in the B. napus cultivar Genie
(Table 5). Either the V. longisporum strain used is simply not able to counteract gluconasturtiin synthesis
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or if it is, the used cultivar Genie could be able to elevate gluconasturtiin levels despite the pathogens
obstructive approach.

An infection with V. longisporum also seems to enhance the synthesis of iGSLs in B. napus which
is especially extraordinary in sulfur-deprived plants (Table 3). Despite the fact that these plants are
very deficient in sulfur (Figure 3; Table 7), they managed to synthesize more iGSLs compared to
their infected sulfur-sufficient counterparts at all TPIs. Although sulfur is needed for the synthesis of
amino acids, which are then used by the plant and the pathogen alike, the very scarce element, at least in
sulfur-deficient conditions, is used to synthesize iGSLs highlighting their importance. A gene encoding
a key enzyme in the synthesis of iGSLs, CYP79B2/CYP79B3, was found to be transcribed in higher
amounts in V. longisporum-infected A. thaliana plants compared to non-infected controls. Additionally,
post-translational activation of pen2, which encodes for an alternative thioglucosidase/myrosinase
proposed to be involved in iGSL breakdown, was found in infected plants [54]. The breakdown of iGSLs
by pen2 can yield indole-3-acetonitrile and through further modification with cyp71B15, camalexin,
which was found to inhibit growth of V. longisporum [6]. Furthermore, indole-3-acetonitrile can yield
the auxin indole-3-acetic acid (IAA) through modification with nitl-3 in A. thaliana. Auxin-related
compounds were hypothesized to be involved in the formation of occlusions preventing the pathogen
from spreading further through the plants’ vascular system [62].

4.2. Occlusions: The Physiochemical Barrier of B. napus against the spread of V. longisporum

Analysis of xylem vessels in the hypocotyl of V. longisporum-infected B. napus plants were found
to form occlusions (Figure 4). The percentage of occlusions in sulfur-deficient plants was almost
always lower compared to sulfur-sufficient plants, indicating that sulfur is needed for the formation
of occlusions. Higher transcription of CYP79B2/CYP79B3 could be induced by the plant to not only
synthesize toxic breakdown-products derived from iGSLs, but also to access the pool of iGSLs to
form the auxin IAA. It was shown that auxin alongside with ethylene was released in high amounts
into infected xylem vessels leading to the formation of occlusions. Furthermore, the oxidative burst
occurring when high amounts of IAA are released could harm trapped spores and hyphae at the
occlusion forming site [63]. Occlusions are formed by the induction of lateral growth which can result
in crushing of xylem vessels or formation of bladder-like outgrowths called tyloses. Furthermore,
secretion of gels into the xylem can also form occlusions. It was already shown that gels are secreted in
the vessels of B. napus [45]. Accordingly, analysis of hypocotyls (Figure 4) also shows the secretion
of gels into the xylem, because no breakages or outgrowths could be detected in the microscopic
analyses. All formed structures in the vessels are then lignified by the oxidation of secreted phenolic
compounds at the occlusion site forming an impassable barrier for spores and hyphae. Although
sulfur-deprived plants showed lower percentages of occlusions at 7 dpi compared to sulfur-sufficient
controls, the difference between the two sulfur fertilizations became less pronounced at 14 dpi,
indicating that occlusion formation happens more slowly in sulfur-deprived plants. Time point and
intensity of occlusion formation can vary widely, based on the compatibility of the host-pathogen
interaction. Thus, occlusions are formed in resistant plants much faster and more extensively than in
susceptible plants in accordance with Fradin and Thomma [64] and Eynck et al. [45].

4.3. Importance of Diurnal Rhythm in the Defense against V. longisporum

Hypocotyls of plants analyzed in this work showed lower numbers of occlusions the later the TPI
was (Figure 4), indicating a correlation between formation of occlusions and the TPI. The formation
of occlusions depending on the TPI could be directly linked to auxin. Its biosynthesis, conjugation,
transcription and effect on specific gene expression was shown to be highly regulated by the circadian
clock [65]. Biosynthesis as well as conjugation of auxin peaked during mid-day as well as at the
beginning of the day as shown by Covington and Harmer [65]. Similarly, in this work formation of
occlusions was shown to be the highest when plants were infected at TPI I and TPI I Since infection
with V. longisporum is probably followed by a delayed perception of the plant, infections happening at
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dawn and at the beginning of the dark phase (TPI1II and TPIIV) would trigger auxin biosynthesis
when it could be at its lowest, leading to less pronounced formations of occlusions. The other way
around, plants infected at TPI T and TPIII, could trigger auxin biosynthesis adding up to already high
auxin contents and leading to numerous formations of occlusions. Possibly supporting this hypothesis
are the contents of the iGSL glucobrassicin, which contents were not only higher in infected plants, but
also when infection happened later in the day (TPIIII and TPI1V) compared to non-infected plants
and plants infected earlier in the day. Infected plants possibly try to enhance auxin biosynthesis by
using alternative pathways including the synthesis and breakdown of glucobrassicin. Plants infected
at a later TPI could have higher contents of glucobrassicin compared to earlier TPIs in order to combat
mentioned minimums of auxin contents at the time point of perception of the pathogen. Additionally,
contents of VL-DNA were shown to be the highest when plants were infected at a later TPI at 3 dpi
(Table 2), showing a higher infection of plants inoculated later in the day. Similarly, studies have shown
a stronger defense reaction of plants during the day compared to the night [32,36].

The direct clock target gene ICS1 encodes a key enzyme in the biosynthesis of SA, and its expression
is driven by the evening-phased clock transcription factor CHE [66]. It was shown that ICS1 gene
expression as well as a SA levels peaked in the middle of the night indicating an anticipation of
infections in the morning, since SA is an important signal molecule in induced pathogen defense
mechanisms [67,68]. In a study by Zheng et al. [69] it is assumed that V. longisporum is able to form a
certain effector that intervenes in the biosynthesis of SA. In susceptible B. napus cultivars this could
lead to a reduction in the SA levels, which in turn would allow higher infection rates.

It was shown, that misexpression of several clock genes, including CCA1, impairs resistance to
the bacterial pathogen P. syringae and to the oomycete Hyaloperonospora arabidopsidis [70]. It could not
be shown that LATE ELONGATED HYPOCOTYL (LHY) plays a defensive role against H. arabidopsidis
although the lhy mutants have a similarly shortened circadian period as the ccal mutants [35]. Overall,
it has been shown that genes involved in defense are controlled in a circadian way by CCA1 [71].
Thus, plants are able to perceive infections in the morning when, for example, pathogenic fungi spread
their spores [35]. The timed defense includes the ability of plants to incorporate external and internal
time cues to anticipate likely attacks from invading pathogens at different times of the day, whereby
immediate defense reactions are available for rapid use against a variety of pathogens at a particular
time of day [33].

But not only the induced immune responses are regulated in a circadian way. A study
by Kerwin et al. [19] showed that genes involved in the biosynthesis of GSLs are also subject to
circadian regulation. In addition, there is a connection between the nutrient status and the daily rhythm
of plants [38]. Furthermore, key genes of the major pathways of primary metabolism, carbon, nitrate,
and sulfur assimilation show distinct diurnal and/or circadian rhythmicity [72-74]. The formation of
SDCs appears to be under a complex control, involving not only a variety of endogenous and exogenous
signals, but also regulation at various transcriptional to post-translational levels [16]. A number of
key genes involved in various metabolic pathways, including sulfur metabolism, have been described
as regulated in a circadian way in A. thaliana [75]. Diurnal rhythms were described for a variety of
secondary compounds involved in interactions between plants and herbivores. Some plant species
show higher accumulations during the day, while other species, which are mainly attacked by nocturnal
insects, show higher accumulations at night [76,77]. The diurnal regulation is often associated with
light regulation. Recently, a study was published investigating an interaction between the circadian
clock and the sulfur status in B. napus [18]. In this study it the diurnal oscillation of genes involved in
the transport and reduction of sulfate was shown. The observed period is comparable to that of CCA1.
Another result of the same study demonstrated that GSLs display ultradian oscillations that were
altered by the sulfur supply of the plants. Therefore, it was hypothesized that the concentration of
individual GSLs is not regulated in a circadian, but in an ultradian way, probably to be prepared over
the day when pathogens are present.
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5. Conclusions

Plants are exposed daily to different abiotic and biotic stress factors. The pathogenic defense
mechanisms are sometimes very complex and build upon each other. Plants have a whole “arsenal
of weapons” that they can use against pathogens (Figure 5). For example, they can build up
mechanical barriers, produce toxic metabolites and use their innate immunity. In addition to a sufficient
supply of nutrients, the right timing plays a crucial role as well, which decides on success or failure
of the defense. This work has attempted to show a distinction of different infection times in the
patho-system B. napus - V. longisporum. An additional factor was the fertilization with sufficient and
deficient sulfur supply. Although a large amount of data was produced, it was still relatively small for
the factors to be investigated, which led to challenges in the statistical evaluation. The different sulfur
supply led to significant differences in the plants, which was reflected both in the phenotype and in
the measurements. Plants in which the infection with V. longisporum was successful differed clearly
compared to corresponding control plants. There were differences in the GSL contents, especially in
the bGSL gluconasturtiin and in the formation of occlusions in the xylem vessels. A difference in the
four TPIs could only be determined in parts. However, the hypotheses, which assumed an influence of
the time point on the severity of the infection and an effect of different sulfur supply on the course of
the infection, could be demonstrated in parts. Therefore, the time point of (sulfur) fertilizer application
might be critical for the induction of metabolite-based defense mechanisms.

The severity* of VL-infection is about B. napus seems to be more
60% higher at TPI AV cf. TPI UTPILII resistant to V. longisporum
at TPII/TPLII

defense genes peak

bGSL content of samples from TPI 1GSH content of samples

W/TPI IV lowest s Tl

VL-infected +S levels atthe © [T early day

65% cf. control +S end of the © [~ activation by

20% cf. VL-infected +S from TPI UTPI Il - RERecladias coMtend g
{}VL-infec!ed -S

56% cf. control -S

16% cf. VL-infected -S from TPI U/TPI Il

defense is suppressed

d +S from TPI IIITPI IV

d -S from TPIIIVTPI IV

3Sulfur assimilation “Root GSLs !1 SLeaf GSLs
distinct diurnal and/or circadian ultradian
circadian rhythmicity oscillations oscillations

Figure 5. Major observations of the experiment: occurrence of occlusions in the xylem, increased
content of gluconasturtiin (benzylic GSL; bGSL) in VL-infected plants and a higher susceptibility of
B. napus at the end of the day to V. longisporum. B. napus seems to be more susceptible to V. longisporum
at TPI III/TPI IV, while the contents of measured VL-DNA were about *60% higher compared to the
contents of TPII/TPIII; right side: bGSL content at 7 dpi of samples from TPII/TPIII compared to the
corresponding control plants; occurrence of occlusions at 14 dpi of plants from TPI I/TPI IT compared to
plants from TPI III/TPI1V; left side: bGSL content at 7 dpi of samples from TPI III/TPI IV compared to
the corresponding control plants and VL-infected plants from TPI I/TPI II; percentages were calculated
from the values of the combined contents of TPI I with TPIII or TPI IIl and TPI IV, respectively; cf.:
comparing; image of circadian clock is adapted from Karapetyan and Dong [78]; !Zechmann [79];
2Zhang et al. [80]; 3Kopriva etal. [72]; *Rosa and Rodrigues [81]; 5Hornbacher et al. [18].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/9/1227/s1,
Table S1: Amount of V. longisporum VLA43-DNA detected by qPCR with ITS primers in B. napus. Table S2:
Contents of iGSLs (glucobrassicin, neoglucobrassicin and 4-hydroxyglucobrassicin) in mock- and mycelium-spore
inoculated plants at 7 dpi and 14 dpi. Table S3: Contents of aGSLs (progoitrin, glucoalyssin, glucoraphanin,
glucobrassicanapin and gluconapin) in mock- and mycelium-spore inoculated plants at 7 dpi and 14 dpi. Table S4:
Contents of the bGSL gluconasturtiin in mock- and mycelium-spore inoculated plants at 7 dpi and 14 dpi. Table S5:
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Thiol analysis by HPLC: contents of cysteine and glutathione (GSH) in mock- and mycelium-spore inoculated
plants at 7 and 14 dpi. Table S6: Elemental analysis: contents of sulfur in mock- and mycelium-spore inoculated
plants measured by ICP-OES at 7 and 14 dpi. Table S7: Occurrence of occlusions at 14 and 21 dpi in the mid area
of the xylem of B. napus plants infected with V. longisporum strain VL43. Table S8: Elemental analysis: contents
of calcium, potassium and iron in mock- and mycelium-spore inoculated plants measured by ICP-OES at 7 and
14 dpi. Figure S1: Brassica napus plants at 14 dpi cultivated at two different sulfur regimes and either infected
with the V. longisporum strain VL43 or non-infected. Figure S2: Occurrence of occlusions in the xylem of B. napus:
toluidine blue stained cross sections of hypocotyls of mycelium-spore inoculated plants. Figure S3: Cross sections
of hypocotyls of control plants at 14 and 21 dpi. Figure S4: Cross sections of hypocotyls of control plants at 14 and
21 dpi.
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Abstract: The present study investigated the changes in total and individual glucosinolates (GSLs)
in roots and leaves of different clubroot-resistant and -susceptible oilseed rape cultivars following
artificial inoculation with Plasmodiophora brassicae isolates with different virulence. The results
showed significant differences in clubroot incidence and severity as well as in the amount of total and
individual glucosinolates between oilseed rape cultivars in response to virulence of the pathogen.
Single among with total aliphatic and total indolic glucosinolate contents were significantly lower in
leaves of susceptible cultivars compared to resistant ones due to the infection. Similarly, single and
total aliphatic as well as indolic glucosinolate contents in roots were lower in susceptible cultivars
compared to resistant cultivars analyzed. The different isolates of P. brassicae seem to differ in their
ability to reduce gluconasturtiin contents in the host. The more aggressive isolate P1 (+) might be
able to suppress gluconasturtiin synthesis of the host in a more pronounced manner compared to the
isolate P1. A possible interaction of breakdown products of glucobrassicin with the auxin receptor
transport inhibitor response 1 (TIR1) is hypothesized and its possible effects on auxin signaling in
roots and leaves of resistant and susceptible cultivars is discussed. A potential interplay between
aliphatic and indolic glucosinolates that might be involved in water homeostasis in resistant cultivars
is explained.

Keywords: oilseed rape; polygenic resistance; physiological race; pathotype; clubroot severity index;
aliphatic; aromatic and indolic glucosinolates

1. Introduction

Glucosinolates (GSLs), a known group of constitutive natural plant metabolites, are
found in the order Brassicales, mainly in the family of Brassicaceae but also in families
of Capparaceae, Caricaceae, Resedaceae and Tropaeolaceae [1]. Based on their side-chain
structure and amino acid precursors, GSLs are divided into three major groups: aliphatic,
aromatic and indolic [2]. Upon tissue damage such as insect feeding or fungal infestation,
GSLs are catabolized by myrosinases to produce a variety of bioactive compounds such as
isothiocyanates, thiocyanates, nitriles, oxazolidenethiones and epithioalkanes [1]. Some of
these metabolites have been discovered to be toxic to many insect herbivores and some
fungal pathogens and play important roles in the plant’s defense mechanism [1,3].

Plasmodiophora brassicae Woronin, the causal agent of clubroot disease, is one of the
most destructive and cosmopolitan of plant pathogens. This obligate soil-borne protist
attacks over 3700 species of the family Brassicaceae [4] including economically important
oilseed rape (Brassica napus L.) cultivars. Effective disease control strategies against P. bras-
sicae continue to be a challenge because of the lack of chemical agents able to manage this
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disease. Further, cultural practices tend to reduce the severity of clubroot, but none directly
control P. brassicae on its own. Host resistance offers the only economic and sustainable
method for the adequate managing of clubroot disease. However, current oilseed rape
cultivars relying on race-specific resistance [5] often lose effectiveness within a few years
by imposing selection for virulent pathotypes. Physiological specialization has long been
known to occur in P. brassicae [6], with pathotypes of the pathogen varying in their ability
to infect specific host crops. Previous studies in European countries have revealed vari-
ations in pathotype distributions across different countries [7-10]. Pathotype 1 (P1) and
Pathotype 3 (P3) or ECD 16/31/31 and 16/14/31 as classified on the differentials of Somé
et al. [11] and the European Clubroot Differential [12], respectively, are predominant in
central Europe. Additionally, several P. brassicae populations were found to be moderately
or highly virulent on currently available clubroot-resistant oilseed rape cultivars [7-10,13].
These new isolates have been informally named as P1 (+), P2 (+) or P3 (+) because they are
classified as P1, P2 or P3 on the differentials of Somé et al. [11] but (unlike the original P1,
P2 or P3) are highly virulent on clubroot resistant oilseed rape cultivars.

Clubroot is characterized by the development of galls on infected roots which are
often restricted in the uptake of water and nutrients and constitute a major sink for as-
similates [14]. Studies on pathogen-induced changes in host metabolism and symptom
development have been conducted in previous years. Ludwig-Miiller et al. [15] have
observed significant differences in the GSL pattern in susceptible and resistant varieties
of Chinese cabbage. In their study, the total GSL content in roots of the two susceptible
varieties was higher than in roots of the two resistant cultivars throughout the experimental
period. While contents of aliphatic GSLs were induced in the two susceptible cultivars
compared to the resistant ones, the two resistant cultivars showed an increase in aromatic
GSLs, indicating maybe a dual role for these compounds. Additionally, contents of indolic
GSLs (iGSLs) increased in roots of susceptible crops 14 and 20 days post inoculation with P.
brassicae, whereas there was no difference between infected and control roots in resistant
ones. Further studies on the host range of P. brassicae and its correlation to endogenous GSL
content have shown that disease severity was correlated with certain GSLs in one species,
while the increase in other GSLs might be regarded as defense response [16]. In the GSL-
containing non-Brassica species, Tropaeolum majus and Carica papaya, the concentrations of
benzyl-GSL increased markedly in roots inoculated with P. brassicae, compared with the
controls. There were also increases in concentrations of benzyl-GSL in leaves of T. majus
after P. brassicae infection and it was speculated that benzyl-GSL could act as precursor for
phenylacetic acid that has auxin activity in T. majus [16].

Auxins, among them indole-3-acetic acid (IAA), are perceived by the auxin receptor
transport inhibitor response 1 (TIR1). Upon binding of auxins to TIR1, the TIRT:IAA
complex is formed, leading to polyubiquitination and faster degradation of already short-
lived auxin responsive proteins (AUX/IAA) [17].

It has been shown that the expression of the auxin receptor TIR1 is upregulated in
Arabidopsis thaliana plants infected with P. brassicae. Furthermore, it was shown that loss of
TIR1 leads to an increased susceptibility to the pathogen indicating a contribution of TIR1
to the resistance of plants towards P. brassicae [18].

In conclusion, degradation of GSL in general might be an important feature also
during endogenous control of the clubroot disease. An improved understanding of the
host metabolism and symptom development could contribute to the development of novel
sources of resistance and other control strategies. Therefore, in the present study, we
evaluated for the first time the variation in total and individual GSL in different clubroot-
resistant and susceptible B. napus cultivars after inoculation with two isolates of P. brassicae
varying in their degree of virulence.
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2. Results

Significant differences in clubroot incidence and severity were observed between
oilseed rape cultivars inoculated with different P. brassicae isolates at 35 dpi (Table 1). While
DI and DSI in susceptible oilseed rape cultivars inoculated with P. brassicae-P1 were up to
100%, no disease symptoms or very small galls were observed on roots of resistant cultivars
and the symptoms were of very low severity (Table 1). In contrast to P. brassicae-P1, the
highly virulent isolate P. brassicae-P1 (+), had a strong effect on clubroot incidence and
severity in all tested cultivars except B. napus cv. Creed. This cultivar was found to be
completely resistant against both P. brassicae isolates (Table 1).

Table 1. Clubroot disease incidence (DI) and disease severity index (DSI) of different clubroot resistant
and susceptible oilseed rape (Brassica napus) cultivars inoculated with two isolates of Plasmodiophora
brassicae at 35 days post inoculation (dpi).

Clubroot P. brassicae P11 P. brassicae P1 (+) 1
Cultivar N
Resistance DI? + SD DSI2 4+ SD DI2 £ SD DSI2 + SD
Aristoteles resistant 0.0 £ 0.0 0.0 £ 0.0 440+ 3.0 233+1.6
Creed resistant 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0
Mendel resistant 153 £12.6 99 +6.8 60.0 + 8.3 30.5+ 3.6
Bender susceptible 100.0 £ 0.0 100.0 £ 0.0 100.0 £ 0.0 98.8 +1.7
Ladoga susceptible 100.0 + 0.0 982 +25 979 £ 3.0 91.3 £ 126
Visby susceptible 100.0 £ 0.0 98.8 + 1.9 100.0 + 0.0 100.0 + 0.0

1 P. brassicae isolates were chosen according to their evaluated virulence in Zamani-Noor (2017) [9]. Pb-P1 isolate
was virulent on clubroot susceptible oilseed rape cv. Visby and avirulent on clubroot resistant cv. Mendel and
Pb-P1 (+) isolate was virulent on both cultivars. 2 The infection type on each root was visually determined based
on a 0-3 scale; disease incidence (DI) and disease severity index (DSI) were calculated from each infection type.
Data are pooled across two experimental runs (i.e., repetitions); mean values and standard deviations (4 SD) are
presented in this table.

2.1. Individual Glucosinolate Profiles

No significant differences in GSL contents between the two runs were observed (data
not shown). Data for GSL contents were therefore calculated as the mean of the two runs.

The resistant varieties Aristoteles, Mendel and Creed showed higher contents of
progoitrin in leaves compared to the susceptible cultivars Bender, Ladoga and Visby, which
was more pronounced in plants infected with P1 and P1 (+) compared to non-inoculated
plants (Figure 1). While contents of progoitrin were lower in plants inoculated with P1
compared to non-inoculated plants, contents were similar between plants inoculated with
P1 (+) and non-inoculated ones.

Similar results were obtained for glucobrassicin (I3M), although no pronounced
difference was observed between non-inoculated resistant and susceptible plants. Con-
tents were higher in inoculated plants of the resistant variety Creed compared to non-
inoculated plants.

Contents of gluconapoleiferin were also slightly lower in susceptible and inoculated
plants compared to the resistant varieties; however, results were not as pronounced as
for the other GSLs. The resistant variety Creed had higher contents of gluconapoleiferin
regardless of inoculation compared to the other two resistant varieties.

Contents of 4-methoxyglucobrassicin were lower in susceptible varieties infected with
P1 and P1 (+) compared to the resistant varieties. No difference could be observed in
non-inoculated plants between resistant and susceptible cultivars. Contents of resistant
inoculated varieties were in the same range as contents of non-inoculated plants, whereas
contents of susceptible inoculated plants were lower compared to non-inoculated plants.
This trend could also be observed in all other GSLs.
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Figure 1. Contents of (a) Progoitrin, (b) Gluconapoleiferin, (c¢) Glucobrassicin, (d) 4-
Methoxyglucobrassicin and (e) Neoglucobrassicin in leaves of clubroot-resistant (Aristoteles, Mendel,
Creed) and -susceptible (Bender, Ladoga, Visby) cultivars of Brassica napus 35 days post inoculation
(dpi) after mock inoculation (control) or artificial inoculation with either a less virulent isolate (P1,
Hoisdorf) or a more virulent isolate (P1 (+), Gravenwiesbach) of Plasmodiophora brassicae. Contents
represent the mean of six biological replicates, consisting of three plants each, from two independent
experiments. Error bars represent the standard deviation. An analysis of variance (ANOVA) was
performed to test the significance of main effects and interactions (for p-values see Supplementary
Table S1). No significant differences were observed. DW, dry weight.

Contents of neoglucobrassicin were lower in susceptible varieties infected with P1 (+)
compared to plants infected with P1 and non-infected plants. Contents of resistant and
inoculated plants were in the same range as contents of non-inoculated plants.

2.2. Mean Glucosinolate Profiles of Resistant and Susceptible Varieties

Mean contents of progoitrin in leaves were significantly lower in inoculated suscep-
tible varieties compared to inoculated resistant varieties and non-inoculated susceptible
varieties (Figure 2). Similar significant differences were also observed in the mean contents
of I3M, 4-methoxyglucobrassicin, neoglucobrassicin, total aliphatic (aGSLs) and total iGSLs
between resistant and susceptible varieties inoculated with P1 or P1 (+). No significant dif-
ferences in mean concentration between resistant and susceptible cultivars were observed
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in non-inoculated plants for any of the analyzed GSLs. Mean contents of neoglucobras-
sicin were significantly lower in susceptible varieties inoculated with P1 (+) compared
to resistant varieties. Overall, contents of all analyzed GSLs as well as total aGSLs and
iGSLs were similar, independent of inoculation in resistant varieties, whereas contents
in susceptible varieties were lower in plants inoculated with P1 or P1 (+) compared to
non-inoculated plants.
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Figure 2. Contents of (a) Progoitrin, (b) Glucobrassicin, (c) 4-Methoxyglucobrassicin, (d) Neoglu-
cobrassicin, (e) total aGSLs and (f) total iGSLs in leaves of clubroot-resistant (mean of cultivars
Aristoteles, Mendel, Creed) and -susceptible (mean of cultivars Bender, Ladoga, Visby) cultivars of
Brassica napus 35 days post inoculation (dpi) after mock inoculation (control) or inoculation with
either a less virulent isolate (P1, Hoisdorf) or a more virulent isolate (P1 (+), Gravenwiesbach) of
Plasmodiophora brassicae. Contents represent the mean of six biological replicates, consisting of three
plants each, from two independent experiments. Error bars represent the standard deviation. An
analysis of variance (ANOVA) was performed to test the significance of main effects and interac-
tions, and Tukey’s post hoc tests for the means of the factor variety were performed separately for
inoculated and non-inoculated groups (for p-values see Supplementary Table S2). Different letters
present significant differences between resistant and susceptible cultivars (a = p > 0.05; b = p < 0.05;
¢ =p < 0.005). No significant differences were observed for other glucosinolates. DW, dry weight.

Mean GSL contents in roots showed higher contents of iGSLs in roots compared to
leaves (Figures 2 and 3). Gluconasturtiin, an aGSL, was only present in roots and the most
abundant GSL. Mean GSL patterns were quite similar in roots compared to leaves when
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looking at progoitrin and glucoalyssin, although resistant cultivars had lower contents
when inoculated, compared to non-inoculated resistant plants, which cannot be observed in
leaves. Contents of 4-methoxyglucobrassicin were higher in resistant as well as susceptible
cultivars inoculated, compared to non-inoculated plants, which is also different to the GSL
pattern in leaves, where contents in resistant inoculated plants are similar to non-inoculated
ones (Figure 2).
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Figure 3. Contents of (a) Progoitrin, (b) Glucoalyssin, (c) Glucobrassicin, (d) 4-Methoxyglucobrassicin,
(e) Gluconasturtiin and (f) Neoglucobrassicin in roots of clubroot-resistant (mean of cultivars Aristote-
les, Mendel, Creed) and -susceptible (mean of cultivars Bender, Ladoga, Visby) cultivars of Brassica
napus 35 days post inoculation (dpi) after mock inoculation (control) or inoculation with either a less
virulent isolate (P1, Hoisdorf) or a more virulent isolate (P1 (+), Gravenwiesbach) of Plasmodiophora
brassicae. Contents represent the mean of six biological replicates, consisting of three plants each,
from two independent experiments. Error bars represent the standard deviation. An analysis of
variance (ANOVA) was performed to test the significance of main effects and interactions, and
Tukey’s post hoc tests for the means of the factor variety were performed separately for inoculated
and non-inoculated groups (for p-values see Supplementary Table S3). No significant differences
were observed. DW, dry weight.
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Mean contents of progoitrin in roots of inoculated plants were lower in both resistant
as well as susceptible cultivars compared to non-inoculated cultivars (Figure 3). Susceptible
varieties inoculated with P1 (+) showed the lowest mean contents.

Similar results were obtained for glucoalyssin, where mean contents of inoculated
plants were even lower in resistant and susceptible cultivars compared to the non-inoculated
ones. Mean contents of 4-methoxyglucobrassicin were higher in inoculated resistant and
susceptible plants compared to non-inoculated plants regardless of pathotype used. Mean
contents of gluconasturtiin as well as neoglucobrassicin were similar in resistant cultivars
regardless of inoculation, whereas susceptible varieties showed lower mean contents when
inoculated compared to non-inoculated varieties.

3. Discussion

To our knowledge, the present work is the first study that has investigated the com-
bined effects of virulence of the pathogen and host resistance on the variation of total
and individual GSLs in roots and leaves of Brassica napus cultivars after inoculating with
different P. brassicae isolates. The results clearly showed that clubroot severity depended
significantly on the virulence of the pathogen and the susceptibility of the oilseed rape
cultivars (Table 1). Successful inoculation is reflected in the disease incidence and severity,
which is low to non-existent in resistant cultivars and very high in susceptible varieties
(Table 1). Only low disease incidences for the resistant cultivar Mendel inoculated with
P1, and low disease severity, and slightly higher incidences and disease severities for the
cultivars Mendel and Aristoteles inoculated with P1 (+) highlight the virulence selection of
the P. brassicae isolates. Very high disease incidents and severities for susceptible plants
inoculated with either P1 or P1 (+) show their suitability for this research question because
of their high susceptibility towards the pathogen.

3.1. Similarity of Glucosinolate Contents in Resistant Cultivars—A Coincidence?

Genome mapping of Brassica rapa var. rapifera as well as B. oleraceae var. pekinensis
revealed 11 loci that convey resistance to P. brassicae [19]. The resistant cultivar Mendel
is known to possess five of them, among them CRa, which is known to encode for a TIR-
NB-LRR class disease-resistance protein [19,20]. This protein consists of a toll interleukin
1 receptor domain, involved in pathogen recognition, a nucleotide binding (NB) domain,
involved in disease signaling pathways and a leucine rich repeat (LRR) domain, which
is responsible for protein-protein interactions and ligand binding. Because of its distinct
function involved in pathogen detection it is unlikely involved in the synthesis or regulation
of GSLs [21]. Unfortunately, the function of the other loci responsible for the resistance are
not known and no information about the presence of these loci in the resistant cultivars
Aristoteles and Creed is available.

Nevertheless, it is noteworthy that all resistant cultivars showed similar GSL contents
in leaves (Figures 1 and 2) as well as in roots (Figure 3). The similar GSL contents highlight
a general effect of the infection on the resistant cultivars despite putative differing genetic
backgrounds. This phenomenon could be attributed to normal GSL biosynthesis and
breakdown in resistant cultivars compared to susceptible cultivars because the pathogen
might not be able to interfere with GSL synthesis or degradation, which is reflected in the
non-existent to low disease incidence and severity of resistant cultivars (Table 1).

3.2. Higher Contents of Indolic Glucosinolates—A Double-Edged Sword

Resistant inoculated cultivars showed higher contents of the iGSLs I3M, 4- methoxglu-
cobrassicin and neoglucobrassicin in leaves compared to susceptible inoculated varieties
(Figure 1). Results became more pronounced when looking at the mean total contents of
iGSLs (Figure 2). Glucosinolates and classical thioglucosidases (EC 3.2.1.147) are usually
stored in different cell compartments or different cells and come together upon tissue
disruption resulting in degradation of GSLs. A Glu residue in the catalytic site of classical
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thioglucosidases performs a nucleophilic attack on GSLs resulting in an aglucone. Ascorbic
acid is then needed as proton donor to cleave the glucose from the aglucone [22].

However, GSLs can also be degraded in intact tissue in the presence of atypical thioglu-
cosidases like PEN2 and PYKI10 [23,24]. Two Glu residues in the active sites of atypical
thioglucosidases perform an acid /base catalysis, which does not require ascorbic acid. In
contrast to typical thioglucosidases, atypical thioglucosidases also accept O-glucosides
alongside GSLs as substrates [22]. Upon degradation of I3M with thioglucosidases and the
presence of nitrile specifier proteins, indole-3-acetonitrile (IAN) can be formed and further
synthesized to auxin in the presence of nitrilases (EC 3.5.5.1) [25]. Higher contents of auxin
were found to be responsible for cell elongation in roots, susceptibility and subsequent gall
formation induced by an infection with P. brassicae [21].

Nevertheless, indole-3-acetic acid (IAA) is not the only outcome of the breakdown of
I3M. If nitrile specifier proteins (NSP1, NSP5) are not present during degradation of I3M, in-
dolylmethylisothiocyanate is formed and quickly reacts to indole-3-carbinol, which usually
conjugates with nucleophilic compounds like cysteine, glutathione or ascorbic acid [26].
Molecular docking simulations revealed that some of these conjugates possess potent auxin
inhibitory activities by binding to the auxin receptor TIR1 and blocking the subsequent
binding of IAA and its interaction with auxin regulatory proteins (AUX/IAA [17]. Tt
was also hypothesized that during the infection with a pathogen, the synthesis of I3M
breakdown products (BP) could lead to a drop of TIRI:IAA complex levels, and therefore,
uncoupling of IAA perception from actual IAA contents takes place leading to normalized
IAA signaling [17] (Figure 4c). Inhibition of auxin perception in A. thaliana was shown
with the addition of indole-3-carbinol to growth media, which was able to inhibit root
elongation in a concentration-dependent manner [27]. Due to its root-growth repressive
action, this compound might be involved in the inhibition of gall growth directly in the
roots by blocking TIR1:IAA formation and subsequent auxin signaling.

Interestingly, in our study contents of iGSLs in leaves were unchanged upon infection
with P. brassicae in resistant cultivars compared to non-inoculated plants, whereas contents
were lower in susceptible inoculated plants compared to non-inoculated plants (Figure 1).
In order to avoid auxin-inhibitory actions of I3M BP, the pathogen might influence biosyn-
thesis of iGSLs, which is reflected in lower levels of I3M in leaves of susceptible cultivars.
Slightly lower contents of I3M in roots of inoculated susceptible plants compared to resis-
tant ones (Figure 3) also points in this direction. The lower contents in roots could lead to
a positive feedback of auxin due to degradation of inhibitory AUX/IAA proteins by the
formation of the TIRI:IAA complexes (Figure 4d).

Contents of neoglucobrassicin and 4-methoxyglucobrassicin were also lower in leaves
of susceptible plants inoculated with P1 and P1 (+) (Figures 1 and 2) and roots of suscepti-
ble plants inoculated with P1 (Figure 3) compared to resistant ones. Since the properties
of the BPs of 4-methoxyglucobrassicin and neoglucobrassicin are not known at this point,
only speculations can be made about their inhibitory activity towards the formation of the
TIRL:IAA complex. Nevertheless, it is important to keep in mind that P. brassicae could also
interfere with the expression of genes or synthesis of proteins involved in the degradation
of GSLs and modification of BPs, which would not be reflected in GSLs contents. It was
shown in A. thaliana that both leaves and roots are capable of synthesizing iGSLs and that
GSL transporters are in charge of the long-distance transport of GSLs, which raises the
question why differences between resistant and susceptible cultivars are more pronounced
in leaves compared to roots [28].
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Brassica napus and interplay between iGSLs and aGSLs. (a) Resistant cultivars might maintain the
water status in leaves by involving breakdown products of aGSLs in stomatal closure. Upregulation
of aGSL contents was shown to be mediated by IAA5, IAA6 and IAA19. Stability of these auxin-
responsive proteins might be prolonged by inhibition of the TIR1 receptor with conjugated I3M
breakdown products. (b) Susceptible cultivars might be restrained in their production of I3M
breakdown products due to low iGSL contents. This might lead to degradation of IAA5, IAA6 and
TAA19 through IAA and subsequent drop in contents of aGSLs. (c) Inhibition of the TIR1 receptor by
I3M breakdown products in resistant cultivars might maintain functional auxin response despite
higher IAA contents during an infection. (d) Lower levels of iGSLs and subsequent lower levels of I3M
breakdown products might lead to a positive feedback response caused by high auxin concentrations.
Legend: TAA = indole-3-acetic acid; BP = breakdown products of glucobrassicin; TIR1 = transport
inhibitor response 1, IAA receptor; AUX/IAA = auxin responsive proteins, mostly IAA repressive
proteins; IAA5, 6, 19 = auxin responsive proteins, inhibit WRKY63; WRKY63 = transcription factor,
represses expression of MYB28/29; MYB28/29 = transcription factors, positively regulate biosynthetic
genes in the synthesis of aGSLs.

3.3. Is There an Interplay Between Aliphatic and Indolic Glucosinolates?

Single (Figure 1) as well as mean total aGSL contents (Figure 2) were observed to be
reduced in susceptible cultivars upon infection with P. brassicae. On the other hand, contents
in inoculated resistant cultivars remain in the same range compared to non-inoculated ones
(Figures 1 and 2). Maintenance of water balance is of importance in plants infected with
P. brassicae since the pathogen disrupts water uptake by the host [29]. Sustention of aGSL
contents in resistant cultivars during an infection with P. brassicae might be beneficial due
to the involvement of BPs derived from aGSLs in stomatal aperture, which could lead to
contained water loss. It has been shown that allylisothiocyanate and 3-butenenitril, both
BPs of sinigrin, as well as ethylthiocyanate, a BP of glucolepidiin, lead to stomatal closure
through generation of reactive oxygen species (ROS) which was reversed by addition of
catalase [30,31]. It is possible, that the degradation products of other aGSLs, like progoitrin
present in B. napus (Figures 1 and 2), could also trigger closure of stomata.

It has been shown that the auxin responsive proteins IAA5, IAA6 and IAA19 repress
the expression of WRKY63, which encodes for a transcription factor inhibiting the ex-
pression of MYB28/29. The transcription factors MYP28/29 are involved in the positive
regulation of aGSL synthesis [32]. Lower expression of WRKY63, negatively influencing
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aGSL contents, mediated by IAA5, IAA6 and IAA19, therefore leads to higher aGSL con-
tents. Breakdown of auxin-responsive proteins is usually mediated by TIRI:IAA complex
formation, but can be inhibited by docking of I3M BPs to TIR1 [17]. The prolonged lifespan
of IAA5, IAA6 and IAA19 could therefore lead to higher contents of aGSLs via repression
of the TIRI:IAA formation, mediated by the breakdown of iGSLs. Higher contents of
aGSLs and their subsequent degradation might be used by the plant to attenuate drought
symptoms caused by P. brassicae through closure of stomata (Figure 4a). On the other hand,
the synthesis of TIRT:IAA inhibitory compounds could be inhibited in susceptible cultivars
by the pathogen, resulting in faster degradation of IAA5, IAA6 and IAA19 and therefore
lower contents of aGSLs (Figure 4b). This could also explain the lower contents of aGSLs in
susceptible cultivars infected with P1 (+) compared to P1. This data suggests that virulence
of the isolates might correlate with the degree of interference with the plants’ metabolism.

3.4. Direct Effect of Breakdown Products on P. brassicae

Levels of gluconasturtiin in roots were observed to be lower in susceptible varieties
inoculated with P1 and even lower in plants inoculated with P1 (+) compared to resistant
varieties (Figure 3). Analysis of quantitative trait loci involved in resistance and metabolic
changes revealed a possible involvement of gluconasturtiin in the infection with P. brassi-
cae [33]. The higher levels of gluconasturtiin controlled by resistance alleles found in the
mentioned publication is in accordance with the findings of this study. As gluconasturtiin
is the most abundant GSL in roots of the chosen cultivars analyzed, the contents of which
are unchanged in resistant cultivars upon an infection, the pathogen might interfere with
biosynthesis of gluconasturtiin in susceptible varieties. The different isolates of P. brassicae
analyzed seem to differ in their ability to reduce gluconasturtiin contents in the host. The
more aggressive isolate P1 (+) might therefore be able to suppress gluconasturtiin synthesis
of the host in a more pronounced manner compared to the isolate P1. At this moment,
only assumptions can be made about the effects of gluconasturtiin on the pathogen, al-
though direct effects of the isothiocyanate derived from this GSL on P. brassicae might be
more likely.

4. Materials and Methods
4.1. Plant and Pathogen Materials

Six oilseed rape cultivars (Brassica napus L.) with a different resistance level to clubroot
disease were selected in the current study according to the German Plant Variety Catalogue
in 2018 (Table 2). These cultivars were pre-selected according to results obtained from
pre-experiments (data not shown). Selected resistant cultivars had no to low disease
symptoms and selected susceptible cultivars had a high disease incidence as well as disease
severity and were therefore selected for this study. Although information about the genes
responsible for the resistance towards Plasmodiophora brassicae is only available for the
cultivar Mendel, the aim of this study was to observe general changes in GSLs despite
putatively different genetic backgrounds.

Table 2. Cultivars of Brassica napus and their level of resistance to clubroot disease caused by
Plasmodiophora brassicae.

Cultivar Seed Source Clubroot Resistance

resistance: single dominant gene
(based on “‘Mendel’ resistance)
resistance: polygenic resistance

Aristoteles Limagrain GmbH

Creed Norddeutsche Pflanzenzucht . L .
(internal communication with the company)
Mendel Norddeutsche Pflanzenzucht resistance: single dominant gene-based
resistance [5]
Bender Deutsche Saatveredelung AG susceptible
Ladoga Limagrain GmbH susceptible
Visby Norddeutsche Pflanzenzucht susceptible
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Two field isolates of P. brassicae were chosen according to their evaluated virulence in
Zamani-Noor (2017) [9]: an isolate which was virulent on clubroot susceptible cv. Visby,
avirulent on clubroot resistant cv. Mendel, classified as 16/31/12 on the European clubroot
differential (ECD) set [12] or pathotype 1 according to the system of Somé et al. [11] (briefly
named P1), and a highly virulent isolate which could overcome the resistance of both
cultivars, classified as 17/31/31 on the ECD set or pathotype 1 in system of Somé et al. [11]
(briefly named P1 (+)). The P1 isolate was collected from a naturally infested oilseed rape
field in Hoisdorf, Schleswig-Holstein, Germany, in 2012 and the P1 (+) isolate originated
from a field in Gravenwiesbach, Hesse, Germany, in 2013 [9]. Both isolates were preserved
as frozen root galls in —20 °C and used for inoculum preparation as needed.

4.2. Plant Cultivation and Inoculation

The experiments were conducted under controlled greenhouse conditions using
portable raised-bed containers (300 x 100 x 25 c¢m) containing a mix of potting soil,
sand and peat (5:1:1; pH < 6.5; FloraSelf®, Braunschweig, Germany). Seeds were sown at
7.5 cm spacing in a row spaced 11.5 cm apart from the other row. In total, 17-20 seeds per
row were sown and seedlings were thinned on emergence to leave 13 plants, and there
were four rows per oilseed rape cultivar. Plants were grown under greenhouse conditions
at20/16 °C, 70% relative humidity and a 16/8 h day/night regime with a light intensity
of 50 pmol m~2 s~1. Plants were inoculated at growth stage 11-12 (BBCH-scale; young
seedling) and were well irrigated prior to inoculation.

The inoculum was prepared according to in Zamani-Noor (2017) [9]. In summary,
the resting spores of each P. brassicae isolate were released from frozen clubbed roots by
homogenizing 100 g clubbed roots in 200 mL of sterile deionized water in a laboratory
blender for 5 min at 20,000 rpm (Vital Mixer Pro, Hollenstedt, Germany). The solution was
filtered several times through fine layers of cheesecloth until the suspension was free from
plant debris. The spore suspension was diluted to a concentration of 1 x 107 spores per mL
as estimated using a Fuchs haemocytometer slide (Hecht-Assistent, Sondheim, Germany)
under a microscope.

Inoculations were conducted by injecting 2 x 1 mL of spore suspension (1 x 107 spores
per mL) into the soil at two locations near the root zone of each seedling at a depth of
approximately 2 cm. Control plants were mock inoculated in the same way with water. To
avoid washing the inoculum from the root area, the plants were not irrigated for 72 h post
inoculation and were kept at a temperature of 24 °C to attain the best conditions for the
infection. Following this period, plants were grown at previous greenhouse conditions and
irrigated every other day to maintain soil moisture, but they were not water saturated.

4.3. Plant Sampling and Disease Assessment

Roots and leaves samples were collected one day before inoculation (plant growth
stage BBCH 11-12) and on 35 days post inoculation (dpi). At each date, nine plants per
oilseed rape cultivar were completely dug out and divided into 3 biological replicates
consisting of three plants each. Leaves were separated and frozen immediately in liquid
nitrogen and then stored in —80 °C for further steps. The roots were then carefully washed
under tap water to remove soil particles and clubroot severity was visually assessed based
on a scale of 0 to 3 (0 = no galling, 1 = a few small galls, 2 = moderate galling and 3 = severe
galling) [34]. Conclusively, roots were frozen in liquid nitrogen and then stored at —80 °C.

The disease incidence (DI) and disease severity index (DSI) were calculated for each
treatment using Equations (1) and (2):

DI (%) = W % 100 1)
_ YX(m0Ox0+nlx14n2x2+n3x3)

N x No.Classes with symptoms

DSI (%) x 100 @
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where ‘n’ is the number of plants in each class, ‘N” is the total number of plants and values
0,1, 2 and 3 represent the respective symptom severity classes.

4.4. Extraction of Glucosinolates

Samples were prepared as described by Hornbacher et al. [35]. Briefly, frozen plant
materials were lyophilized in a freeze dryer (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) for 2 days and ground to a fine powder with a
shaking ball mill (Retsch GmbH, Braunschweig, Germany). Approximately 50 mg dry
plant tissue was extracted with 1 mL 80% methanol at room temperature for 10 min and
then centrifuged at 13,000 ¢ for 5 min. Before the centrifugation, samples were put on a
shaker for 15 min after the first extraction and 30 min after the second extraction at room
temperature (RT). The supernatants were pooled and loaded onto a column (polypropylene
column, 1 mL) containing 2 mL of a 5% (w/v) suspension of DEAE Sephadex A25 (Sigma-
Aldrich, Taufkirchen, Germany) in 0.5 M acetic acid (pH 5). Columns were washed five
times with 2 mL H,O and two times with 2 mL 0.02 M acetic acid (pH 5). For desulfation,
50 uL of sulfatase (Sigma-Aldrich, Taufkirchen, Germany) solution was added to 450 pL
0.02 M acetic acid (pH 5) and loaded onto the columns as well [36]. Desulfation took place
for 24 h at RT. Afterwards desulfated GSLs were eluted three times with 2 mL HPLC H,O
(Sigma-Aldrich, Taufkirchen, Germany), dried overnight in a vacuum centrifuge and then
dissolved in a total amount of 300 uL. HPLC H,O.

4.5. Liquid Chromatography Mass Spectrometry (LCMS) and Analysis of Glucosinolates

Glucosinolate contents in oilseed rape samples were analyzed via liquid chromatography-
mass spectrometry (LC-MS). A volume of 10 pL was injected into the HPLC system (Shimadzu,
Darmstadt, Germany) and separated on a Knauer Vertex Plus column (250 x 4 mm, 5 pm
particle size, packing material ProntoSIL 120-5 C18-H) equipped with a pre-column (Knauer,
Berlin, Germany). A water (solvent A)-methanol (solvent B), both containing 2 mM ammo-
nium acetate, gradient was used with a flow rate of 0.8 mL min at 30 °C. For measuring
the samples, the following gradient was used: 10-90% B for 35 min, 90% for 2 min, 90-10%
B for 1 min and 10% B for 2 min. Detection of the spectra in the range 190-800 nm was
performed with a diode array detector (SPD-M20A, Shimadzu, Darmstadt, Germany). The
HPLC system was coupled to an AB Sciex Triple TOF mass spectrometer (AB Sciex TripleTOF
4600, Canby, OR, USA). At a temperature of 600 °C and an ion spray voltage floating of
—4500 V the negative electrospray ionization (ESI) was performed. For the ion source gas
one and two 50 psi were used and for the curtain gas 35 psi. In the range of 100-1500 Da
in the TOF range, the mass spectra as well as the MS/MS spectra from 150-1500 Da at a
collision energy of —10 eV were recorded. Peaks were identified by analyzing the charac-
teristic mass fragments of ds-progoitrin (195, 309, 344, 617), ds-glucoalyssin (195, 208, 371,
741) and ds-neoglucobrassicin (195, 208, 371, 741). The detection of the GSL was performed
with DAD (Knauer, Berlin, Germany) at 229 nm. Quantification of the measured GSL was
performed using sinigrin (Phytolab, Vestenbergsgreuth, Germany) as external standard and
relative response factors (progoitrin, 1.09; glucoraphanin, 1.07; glucoalyssin, 1.07; gluconapin,
1.11; hydroxyglucobrassicin, 0.17; glucobrassicanapin, 1.15; I3M, 0.29; gluconasturtiin, 0.95;
neoglucobrassicin, 0.2). Integration of peaks and elaboration of data were performed using
PeakView software version 2.1.0.1 (AB Sciex, Darmstadt, Germany). Limits of quantification
for aGSL were determined with glucoraphanin as standard (Phytolab, Vestenbergsgreuth,
Germany) and for iGSL I3M (Phytolab, Vestenbergsgreuth, Germany) was used. Limits
of quantification were determined to be 30 nmol mL~! for aGSLs and 6 nmol mL~! for
iGSLs. Glucosinolate contents (total GSL, aGSLs, iGSLs and aromatic GSLs) were calculated
as the mean of three biological replicates, consisting of three plants each, with standard
deviation of the three replicates. The total amount of GSLs for each sample was calculated
as the sum of all individual GSLs. Total aGSL contents were calculated as the sum of the
contents of progoitrin and gluconapoleiferin. Total iGSL contents were calculated as the sum
of I13M, 4-methoxyglucobrassicin and neoglucobrassicin. Although contents of gluconapin
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and glucobrassicanapin were analyzed, they are not shown due to very low levels and high
standard deviations.

4.6. Statistical Analysis

All experiments in the present study were conducted twice, where each repetition
is referred to as a run. With regards to different treatments or independent factors in
our experiments, we decided to use analysis of variance (ANOVA) over multiple ¢-test.
Analysis of common treatments did not show significant differences (p < 0.05) between
two runs, so we pooled the data for analysis and presentation in this study.

Glucosinolate concentrations were log-transformed before analysis due to finding
right skewed distributions and variance increasing with mean. For the log-transformed
data, linear mixed effect models were fitted to account for the split-plot design. The
experimental runs, the pathogens, the traits and the varieties nested within the traits were
included as fixed effects. For the latter three, the corresponding interactions were also
modelled. Furthermore, three random effects were included: the main plot, which accounts
for the variance of the spatial separation between the pathogen inoculations; the subplot,
which takes into consideration the variance of the varieties within the main plot; and a
random effect, which represents the variance of the varieties between the two experiments.
Based on the fitted linear mixed models, analysis of variance was performed to test the
significance of main effects and interactions and Tukey tests for the model-based means
of factor variety were performed jointly across all other factor levels and separately for
inoculated and non-inoculated groups.

5. Conclusions

Although it was previously hypothesized that loss of iGSLs has no influence on gall
formation in Arabidopsis thaliana, our results and hypotheses are quite in line with the
findings of Siemens et al. [14]. The mutants used by Siemens et al. [14] (cyp79b2/b3) were
incapable of synthesizing iGSLs and showed no difference in gall formation compared
to wild type plants. The loss of iGSLs also leads to a loss of a variety of BPs that could
inhibit TIR1:IAA formation and therefore stabilize auxin signaling during an infection with
P. brassicae.

It will be necessary to perform gene expression analysis as well as further analysis of
GSL contents because observed changes in GSL contents could be attributed to the infection
itself as a correlated symptom without having a causal relationship.

Follow-up experiments could focus on nsp mutants which would be incapable of
directing the outcome of I3M degradation towards IAN, and these plants would be left
with higher contents of I3M conjugates and therefore a possible uncoupling of auxin
signaling would take place.

Expression analysis of TIR1 as well as AUX/IAA and NSP1,5 would also help to
substantiate the hypotheses made in this work. Analysis of free as well as conjugated
auxin would also be crucial for the understanding of the involvement of iGSLs during an
infection with P. brassicae.

Finally, analysis of GSLs as well as expression analysis at different time points during
the infection would allow a more distinct insight into the time-dependent actions of
P. brassicae in B. napus.

Supplementary Materials: The following data are available online at https://www.mdpi.com/
article/10.3390/ pathogens10050563 /51, Table S1: p-values of mean glucosinolate contents in leaves
analyzed with Tukey’s post-hoc tests for the means of the factor ‘pathogen’, Table S2: p-values of
mean glucosinolate contents in leaves analyzed with Tukey’s post-hoc tests for the means of the
factor ‘variety’. p-values show the significance of differences in glucosinolate contents between the
mean of the resistant varieties (Aristoteles, Creed, Mendel) and the mean of the susceptible varieties
(Bender, Ladoga, Visby) averaged over the factor ‘variety’ (resistant, susceptible), Table S3: p-values
of mean glucosinolate contents in roots analyzed with Tukey’s post-hoc tests for the means of the
factor ‘variety’. p-values show the significance of differences in glucosinolate contents between the
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mean of the resistant varieties (Aristoteles, Creed, Mendel) and the mean of the susceptible varieties
(Bender, Ladoga, Visby) averaged over the factor ‘variety’.
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Abstract Adapting biological processes to an endogenous
rhythm enables plants to cope with the daily changes in light
and temperature in a more predictable way enhancing growth
and fitness. A number of biological processes such as
metabolic pathways as well as the immunity in plants are
under diurnal or circadian control. In this study a possible
circadian regulation of key enzymes in the sulfur assimilation
and the corresponding metabolites was investigated in the
agriculturally important crop plant oilseed rape (Brassica
napus). Leaves of a commercially available cultivar were
harvested in the course of a day under diurnal and under
free-running conditions with constant light. Analyses in this
study were focused on sulfur-containing metabolites and
expression analysis of enzymes involved in sulfur assimilation.
Expression analysis showed that the transcript levels of the
sulfate transporters Sultr3;1 and Sultr4;2 as well as APR2
and APR3 oscillated diurnally. Results revealed a periodic
rhythm of sulfur-containing metabolites such as glutathione,
sulfate and certain glucosinolates in the course of a day
which were only partly maintained under constant light.
Therefore, we conclude that a diurnal rhythm and not the
circadian clock regulates sulfur metabolism in plants.

Keywords: Brassica napus, Circadian clock, Diurnal rhythm,
Expression analysis, Sulfur-containing metabolites
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Introduction

Life on earth is exposed to daily changes in light, temperature
and other environmental factors due to the rotation of the
earth. The metabolism, behavior and physiology in organisms
were adapted to these daily changes, known as diurnal
rhythms. In the absence of an external cue many of these
oscillations persist and free-run with an endogenous period
that is close to 24 h. These circadian rhythms are under the
control of an endogenous circadian clock. Under natural
conditions, light and temperature act as environmental timer
entraining the endogenous organismic clock in each cell with
the local time (McClung 2006; Harmer 2009).

The model of the circadian clock in plants has so far been
best described in Arabidopsis thaliana (Salome and McClung
2004). The MYB domain transcription factors CIRCADIAN
AND CLOCK ASSOCIATED 1 (CCAl) and LATE
ELONGATED HYPOCOTYL 1 (LHY1) along with TIMING
OF CAB 1 (TOC1) represent the core oscillator of the circadian
clock as a negative feedback loop. Linked to this core
oscillator further feedback loops are formed regulating the
expression of so-called morning as well as evening genes
(McClung 2006). Up to 80% of the transcriptome in rice
(Oryza spp.), poplar (Populus spp.), and A. thaliana are
regulated by the circadian clock enabling the timing of a
number of biological processes and stress responses, respectively
(Filichkin et al. 2011). The photosynthesis as the primary
biological process shows circadian oscillations in the light
harvesting and a circadian-regulated CO, fixation by Rubisco
(Dodd et al. 2014). The circadian rhythm is also involved in
certain stress responses. The involvement of the circadian
rhythm in reactive oxygen species (ROS) mediated stress
was shown in A4. thaliana where the overexpression of the
CCA1 led to an enhanced drought tolerance by increasing the
expression of ROS controlling genes (Lai et al. 2012). However,
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the circadian rhythm is not solely involved in abiotic stress
responses but also in plant immunity. Results from Wang et
al. (2011) indicate that defense genes are under circadian
control by CCA1, allowing plants to estimate infection at
dawn when pathogens normally disperse the spores and time
immune responses according to the perception of different
pathogenic signals upon infection. The studies revealed a key
functional link between the circadian clock and plant immunity.
Mutants overexpressing CCA/ showed enhanced resistance
against downy mildew supporting a direct interaction of the
clock with plant immunity (Wang et al. 2011).

The importance of the plant clock due to its role in agriculture
is now rising (Shaw et al. 2012). As an agriculturally important
oilseed crop Brassica napus is the most closely related
species to the crucifer 4. thaliana with a number of highly
conserved genes among both species. Compared to other
crops and cereals the requirements for nitrogen, phosphorus
and sulfur are higher making it more sensitive to sulfur-
deficient conditions (Schnug and Haneklaus 2005).

Sulfur is taken up by roots from the soil as inorganic
sulfate. The uptake of sulfate by the roots and its transport to
the shoot seem to be one major site of regulation of sulfur
assimilation. In 4. thaliana and B. napus 14 sulfate transporter
genes have been identified which are subdivided into five
different groups with different affinities to sulfate and located in
different organs and organelles (Hawkesford and De Kok
2006; Parmar et al. 2007). The function and localization of
the sulfate transporters of group three was long unknown. A
recent study revealed that the transporter Sultr3;1 is located
in the chloroplast enabling the sulfate uptake of chloroplasts
(Cao et al. 2013). Furthermore, transcriptome analysis revealed
a circadian regulation of this transporter in A. thaliana
(Covington et al. 2008). Members of group four are known
to be localized at the tonoplast enabling the efflux of sulfate
out of the vacuole. It was already shown that the transporter
Sultr4,2 in B. napus was only expressed under sulfur-deficient
conditions, thus playing a major role in the response to sulfur
deficiency (Parmar et al. 2007).

Feeding experiments using °SO,>~ showed that the
incorporation of **S into reduced sulfur compounds in vivo
was significantly higher in light than in the dark (Kopriva et
al. 1999) in accordance with investigations on adenosine 5'-
phosphosulphate reductase (APR), considered to be a key
enzyme of sulfate assimilation in higher plants. The mRNA
levels of all three APR isoforms showed a diurnal thythm,
with a maximum at 2 h after onset of light. In summary, in
higher plants APR mRNA, APR activity and in vivo sulfate
reduction change with a diurnal rhythm, sulfate assimilation
also takes place during the dark period, and sucrose feeding
positively affects 4PR mRNA expression and APR activity
in roots (Kopriva et al. 1999).

The first stable sulfur-containing compound in the sulfur
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assimilation cysteine acts, besides its role in the protein
synthesis, as a precursor for essential biomolecules such as
vitamins and cofactors. A small portion of the cysteine
content is used for the biosynthesis of the tripeptide glutathione
(GSH) (Hawkesford and De Kok 2006). Sulfur is also present in
secondary compounds, i.e. glucosinolates (GSLs). GSLs play an
important role in the response to biotic stress, especially in the
defense against herbivores (Mithdfer and Boland 2012). In
recent years their role in abiotic stresses such as salinity,
drought, extreme temperatures, light cycling, and nutritional
deficiency have been discussed (Boestfleisch et al. 2017).
Previous studies revealed a circadian regulation of genes
involved in the biosynthesis of GSLs (Kerwin et al. 2011).

There is emerging evidence for a relationship between the
nutrient status and circadian rhythm in plants (Haydon et al.
2015). However, a direct interaction of the circadian clock
and the sulfur status was not analyzed in detail so far. A
number of key genes in metabolic pathways including the
sulfur metabolism have been reported as circadian-regulated
in A. thaliana (Harmer et al. 2000). In order to analyze the
effect of sulfur availability on the circadian rhythm, two
sulfur concentrations were chosen based on previous studies.
Sulfur sufficient control plants received 1 mM MgSO, based
on the studies of Blake-Kalff et al. (1998). Previous experiments
revealed 10 pmol MgSO, to be ideal to study the effect of
sulfur deficiency in plants by meeting their minimal sulfur
needs and keeping plants alive (Weese et al. 2015). So far,
diurnal and circadian changes in sulfur metabolism have
only been described in A. thaliana, lacking essential insight
into important crop plants like B. napus. Understanding the
pattern in which sulfur is assimilated and sulfur-containing
metabolites are synthesized is essential to be able to optimize
sulfur fertilization, which in turn would maximize crop
resistance to biotic stressors and tolerance to abiotic changes.

Results

Establishment of a Highly Controlled Cultivation System
and Investigation of the Role of Sulfur in a Circadian-
regulated System by Expression Analysis

For investigating the interaction of the circadian clock and
sulfur metabolism a suitable cultivation system had to be
established. Clock-controlled genes as well as genes involved in
sulfate transport and assimilation were analyzed by Northern
blot analysis (Fig. 1; Fig. S1). For analyzing the expression
data in a quantitative way, results of Northern blot analysis
were normalized according to Rumlow et al. (2016) with a
validated set of reference genes (Fig. 1A; Table 1). It was
demonstrated before that whereas RT-qPCR is currently the
most used method to perform gene expression analysis, it
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Fig. 1. Expression of GOIs under circadian and sulfur-deficient conditions. Transcript amounts were determined in above ground plant
material of plants (with five fully expanded leaves) grown using 1 mM MgSO, (+S) as a control and 0.01 mM MgSOj, (-S) for four days
to obtain S-deficient conditions. Plants grown under 12 h dark/12 h light (LD, closed circles) were harvested over a period of 36 h every
4 h starting 1 h before the onset of light. In addition, plants grown in a chamber with 24 h light (LL, open circles) were parallely
harvested beginning at 16 h and ending at 40 h fulfilling a 24 h rhythm. Three plants per treatment and harvest time point were pooled.
Total RNA was isolated, and for Northern blot analysis 15 ug RNA was electrophoretically separated and transferred onto membranes.
For the detection DIG labeled probes were used. (A) Normalization of the GOIs with a validated set of reference genes under LD and LL
conditions