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1. Abstract 

When mobile organisms face a threat, they have the options of a fight or flight as reaction. The 

sessile nature of plants narrows their response option down to defend themselves against the 

threat. Therefore, plants developed a strong innate immune system in an evolutionary context, 

redundant of specialized immune cells as found in animals. Besides, they are able to prime 

non-infected distal tissue towards a stronger immune response after pathogen attack, a 

phenomenon that is termed systemic acquired resistance (SAR) (Fu and Dong, 2013).  

Salicylic acid (SA) and N-hydroxy pipecolic acid (NHP) are small molecules and constitute two 

major hormones in the plant immune response. They are key molecules in basal resistance as 

well as to induce SAR (Delaney et al., 1994; Wildermuth et al., 2001; Chen et al., 2018; 

Hartmann et al., 2018; Rekhter et al., 2019b). The biosynthesis and function of SA has been 

intensively studied over the last decades (Wildermuth et al., 2001; Nawrath et al., 2002; 

Rekhter et al., 2019b; Torrens-Spence et al., 2019). In addition, the biosynthesis of NHP was 

unraveled recently (Chen et al., 2018; Hartmann et al., 2018). Both compounds are known to 

be present in a glycosylated state likely to be inactivated or stored. This is now shifting the 

focus towards the enzymes catalyzing the glycosylation reactions. For SA glycosylation, three 

UDP-dependent glycosyltransferases (UGTs) have been described: UGT74F1, UGT74F2 and 

UGT76B1 (Song, 2006; Dean and Delaney, 2008; von Saint Paul et al., 2011; Noutoshi et al., 

2012; George Thompson et al., 2017). In terms of NHP, the NHP-O-glycoside (NHP-OGlc) 

was a known metabolite, without the description of a functional UGT enzyme that was able to 

catalyze the synthesis, prior to this thesis (Chen et al., 2018; Hartmann and Zeier, 2018). 

Lately, independent research groups were able to describe one of the proposed SA UGTs, 

UGT76B1, to be the major enzyme in the formation of NHP-OGlc in Arabidopsis thaliana 

(Bauer et al., 2021; Cai et al., 2021; Holmes et al., 2021; Mohnike et al., 2021).  

In this work, the identification and functional characterization of UGT76B1 as NHP-OGlc 

forming enzyme is laid-out as published earlier in The Plant Cell within Mohnike et al. 2021 

(Mohnike et al., 2021). The metabolite levels of NHP, SA and their respective glucosides are 

therein described in response to Pseudomonas syringae pv. maculicola ES4326 (P.s.m.) 

infection. The metabolic fate of NHP and SA in the ugt76b1 mutant was underlined by 

additional UV-stress experiments. In addition, we provide data about the infection phenotype 

against P.s.m. and Hyaloperonospora arabidopsidis Noco 2 (H.a. Noco 2), of which we deduce 

an enhanced resistance phenotype of the mutant. Analyzing double mutant lines of the 

FLAVIN-DEPENDET MONOOXYGENASE 1 (FMO1) with ugt76b1, fmo1 ugt76b1, we show 
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that enhanced resistance and growth deficiency are FMO1-dependent, therefore, NHP-

dependent. Lastly, we argue against the need of NHP-O-glucosylation for successful mobility 

during SAR (Chapter I). Furthermore, we used our metabolome analysis platform to search for 

novel, so far undescribed metabolites of NHP. A novel metabolite, which is synthesized in an 

infection-dependent manner, is described to be a NHP-methyl-ester (MeNHP). Its biosynthesis 

is shown to be AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALD1)- and FMO1-

dependent. In addition, its retention time and tandem-mass spectrometric properties were 

underlined via a chemically synthesized authentic standard of MeNHP. The novel compound 

is synthesized in vitro by the annotated methyl transferase At4G22530 (NHPMT1). However, 

T-DNA insertion lines of NHPMT1, nhpmt1-1 and nhpmt1-2 are not impaired in biosynthesis 

of MeNHP (Chapter II). Additionally, we present a NHP and D9-labeled NHP co-infiltration 

experiment to identify additional in planta NHP-derivatives. Moreover, we layout results about 

successful repetition of earlier published work and investigated genes that remained 

inconclusive towards their influence and function in plant pathogen interaction mediated 

defense response of A. thaliana. We were able to confirm the role of ENHANCED 

PSEUDOMONAS SUSCEPTIBILITY1 (EPS1) on the biosynthesis of SA by the accumulation 

of its substrate iscochorismate-9-glutamate (IC-9-Glu) in metabolite analysis of eps1 mutant 

plants (Torrens-Spence et al., 2019). Furthermore, we show that the amino acid transporter 

LYSINE/HISTIDINE 7 (LHT7) is not solely required for NHP biosynthesis. Similarly, 

ABERRANT LATERAL ROOT FORMATION 5 (ALF5), ENHANCED DISEASE 

SUSCEPTIBLITY 5 (EDS5) and EDS5-homolog (EDS5H) are not solely required as 

transporters in NHP biosynthesis (Chapter III). 
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2. Introduction  

From the beginning of land-plant evolution, over 500 million years ago, photosynthetic 

organisms need to cope with a plethora of environmental stressors (de Vries and Archibald, 

2018; Resemann et al., 2021). On the one hand, abiotic stress that includes temperature, UV-

radiation, varying water, salt or nutrient contents of the substrate they are growing on (Waadt 

et al., 2022; Zhang et al., 2022). On the other hand, biotic stressors including organisms like 

heterotrophic bacteria and fungi that take advantage of plants as carbon source and host 

(Atkinson and Urwin, 2012; Suzuki et al., 2014). As postulated by Charles Darwin, challenges 

to an organism sometimes develop into a selective pressure, letting those traits be successful 

and survive that are of high benefit to the organism. Therefore, plants have developed 

strategies that enable them to cope with a multitude of threats on the molecular level, including 

generalized defense barriers (Vanholme et al., 2010). In addition, they developed fine-tuned 

molecular responses, to mediate a very precise and specific answer to individual challenges 

(Glazebrook, 2005; Zhang et al., 2022). Plants still face constantly changing environments, as 

due to global warming, vital parameters are at stake. Especially limited water resources and 

instable temperatures are a challenge (Dai, 2013). In Europe, for example, the soil-humidity is 

predicted to decrease (Samaniego et al., 2018). Furthermore, co-evolution of plants and 

pathogens is a driving force for plants to develop novel strategies to defend against invading 

pathogens (Burdon and Thrall, 2009). 

In the 19th century the oomycete pathogen Phytophtora infestans that causes potato blight was 

the reason for one of the most severe hunger periods in Europe (Haas et al., 2009). In addition, 

a constantly growing population on earth demands for stable food supply chains and securities. 

Crop plants, therefore, are highly influenced by anthropogenic interests, breeding them 

towards desired traits, which may be high yield, and high resistance against biotic and abiotic 

threats (Dresselhaus and Hückelhoven, 2018). The economic importance of crop plants, such 

as soy, corn, grain, rapeseed, grapevine or potato and tomato is a driving force on plant basic 

research and the transition of knowledge into crop plant systems (Atkinson and Urwin, 2012; 

Holmes et al., 2019; Pirrello et al., 2022).  

Basic molecular research on plant immunity started with studies about several plant species 

and their compatible pathogens to study infection and resistance phenomena (Holmes, 1938). 

Compatible plant pathogen interactions describe a relationship of successful plant colonization 

with induction of disease symptoms by a pathogen (Glazebrook, 2005). The interaction 

between the tobacco mosaic virus (TMV) and tobacco is a classic example. Importantly, the 

phenomenon of induced resistance in untreated plant tissue as result of infecting another was 



Introduction 

4 

observed (Ross, 1961). This phenomenon was termed systemic acquired resistance (SAR) 

and its mechanisms of elucidation and signaling came into research focus and laid-out the 

basis of our understanding of plant immunology (Fu and Dong, 2013; Klessig et al., 2018; 

Zeier, 2021). Research on small molecules in plant-pathogen interaction began to intensify 

with the finding that salicylic acid (SA) is able to induce plant immunity (Malamy and Klessig, 

1992). SA has been found in plants since the end of nineteen hundreds to early 20th century 

(Griffiths, 1889; Traphagen and Burke, 1903; Grimaldi, 1905). However, already Neanderthals 

made use of SA containing plants to self-medicate (Weyrich et al., 2017). Hermann Kolbe 

described the chemical structure of SA in the 1860th and was able to synthesize the hydroxy 

benzoate chemically (Kolbe, 1860; Kohl, 1999). However, SAs potential to induce plant 

immunity was described almost a hundred years after its discovery in plants (Metraux et al., 

1990; Rasmussen et al., 1991; Malamy and Klessig, 1992; Delaney et al., 1994).  

Today additional molecules have been identified to play a role in the defense towards several 

pathogens. Recently, pipecolic acid (Pip) and its N-hydroxylated metabolite, N-hydroxy 

pipecolic acid (NHP) were functionally connected with immunity in Arabidopsis thaliana. 

Pipecolic acid was first isolated and described from Phaseolus vulgaris and its biosynthesis in 

beans from L-lysine via different intermediates was proposed (Schütte and Seelig, 1967). 

Meanwhile infection data show the potential of Pip and NHP to induce plant immunity in several 

plant species outside the Brassicaceae (Holmes et al., 2019; Schnake et al., 2020). 

2.1 Initiation of plant immunity 

The first barrier for a pathogen to overcome is the physical barrier on the plant surface, the 

cuticle (Lewandowska et al., 2020). A compatible fungus is able to produce an apressorium to 

penetrate the plant surface of the host plant. Later it produces a haustorium inside the 

penetrated tissue to facilitate nutrient uptake (Mendgen and Hahn, 2002). The penetration itself 

and preceding reactions cause damage to the plants cellular integrity resulting in molecular 

fragments the damage associated molecular patterns (DAMPs). For example, cell wall derived 

pectin fragments the oligogalacturonides, and xyloglucans were shown to induce immune 

responses in Vitis vinifera and A. thaliana (Aziz et al., 2004; Ferrari et al., 2007; Ferrari et al., 

2013; Claverie et al., 2018). In addition, microbial molecules, such as flagellin and chitin, which 

are common structural molecules to bacterial flagella or fungal cell walls, are called microbe 

associated molecular patterns (MAMPs) (Boller and Felix, 2009). Together DAMPs and 

MAMPs are classified as pathogen associated molecular patters (PAMPs). Recognition of 

PAMPs by plants induces PAMP-triggered immunity (PTI). PTI results in a robust response of 

the plant that is able to halt further colonization (Jones and Dangl, 2006; Boller and Felix, 
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2009). PAMPs are recognized by pattern recognition receptors (PRRs) that include receptor-

like kinases (RLKs) and receptor-like proteins (RLPs) (Figure 1) (Boller and Felix, 2009). A 

well-studied interaction is the detection of flagellin protein by the PRR FLAGELLIN-

SENSING2, through its leucine rich repeat (LRR) domains (Zipfel et al., 2004). PRR co-

receptors and RLCKs assist the detection and signal propagation by RLKs and RLPs. PTI is 

triggered either directly or via their interaction partners and receptor-like cytoplasmic kinases 

(RLCKs). It is transduced via mitogen-activated protein kinase (MAPK) cascades, calcium 

fluxes and the NADPH oxidase to result in activation of transcription factors that are 

responsible for transcriptional reprogramming in the infected tissue, and processes like the 

generation of reactive oxygen species (ROS) and callose deposition at the site of infection (Ma 

et al., 2013; Ngou et al., 2022).  

 

Figure 1: The plant defense network from detection to restriction. Receptor like kinases (RLKs), Receptor like 

proteins (RLPs), coiled-coil-nucleotidebinding-leucin rich repeat proteins (CNLs) and toll/interleukin-1 receptor like-

nucleotide binding leucine rich repeat proteins (TNLs) recognize pathogen via molecular pattern and effector 

proteins. Pattern-recognition receptors (PRR) co-receptors assist in signal propagation via receptor like kinases 

(RLCKs). Similarly, helper nucleotide binding leucine rich repeats proteins (NLRs) and EP-domain containing (EP) 

proteins mediate signal proliferation. RLCKs activate the NADPH oxidases, mitogen-activated-phosphate (MAP) 

kinases and calcium (Ca2+) channels. Altogether these responses generate reactive oxygen species (ROS), Ca2+-

influx, activation of Ca2+-dependent protein kinases (CPKs) and HR. In addition to HR, callose deposition, stomatal 

closure, ethylene, SA and NHP biosynthesis is triggered to restrict pathogen growth and propagate systemic 

acquired resistance (SAR). Only direct interactions are shown for simplicity. Figure redrawn and modified from 

(Ngou et al., 2022). 
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In addition, pathogen recognition is based-on microbial effector-molecules that are transmitted 

inside the plant to hijack immune responses, the effector triggered immunity (ETI). A recent 

example provides insight into the effector protein, ROS BURST INTERFERING PROTEIN 1 

from Ustilago maydis that has ROS-suppressing activity. Additionally, it has the ability to 

delocalize the LIPOXYGENASE 3 enzyme from Zea maize into the nucleus, which causes 

suppression of a ROS burst response, too (Saado et al., 2022). On the other side, plants have 

developed receptor molecules to detected microbial effectors. These molecules are the 

resistance (R)-proteins. R-proteins may consist of a coiled-coil-domain (CC) or toll/interleukin-

1 receptor (TIR)-domain linked to a core of nucleotide binding leucine rich repeat domains (NB-

LRR), forming the two major groups, CC-NB-LRR (CNL) and TIR-NB-LRR (TNL) proteins. 

CNLs and TNLs have the ability to form multi domain complexes that fulfill distinct functions in 

resistance signaling, the resistosomes (Martin et al., 2020; Bi et al., 2021; Lapin et al., 2022). 

CNL-resistosomes were shown to form membrane pores that act as a calcium channel (Bi et 

al., 2021). TNL resistosomes fulfill nicotinamide dinucleotide (NAD)ase activity producing 

nicotinamide (NAM), cyclic ADP-ribose (cADPR) and adenosine diphosphate ribose (ADPR) 

from NAD+ (Horsefield et al., 2019; Wan et al., 2019a). Additionally, their function as 2’,3’-cylic 

adenosine monophosphate and 2’,3’-cyclic guanosine monophosphate synthetases were 

described (Yu et al., 2021a). As a result, the CNL and TNL receptors are able to induce ETI 

(Bi et al., 2021; Parker et al., 2022). Helper nucleotide binding leucine rich repeat proteins 

(helper NLRs) and lipase-like heterodimer proteins ENHANCED DISEASE 

SUSCEPTIBILITY 1/PHYTOALEXIN DEFICIENT 4 (EDS1/PAD4) and EDS1/SENESCENCE 

ASSOCIATED GENE 101 (SAG101) mediate signal proliferation concerted by CNLs and TNLs 

(Lapin et al., 2019; Pruitt et al., 2021). The activated response combines the generation of 

ROS, Ca2+-influx, activation of Ca2+-dependent protein kinases (CPKs) and hypersensitive 

response (HR). In addition to HR, callose deposition, stomatal closure, the biosynthesis of SA 

and NHP is triggered to restrict pathogen growth and to induce SAR (Ngou et al., 2022).  

The sequential induction of PTI and ETI lead to the classical “Zig Zag” model of plant immunity 

(Figure 2A). It describes PTI and ETI as individual layers of immunity equally resulting in robust 

defense response (Jones and Dangl, 2006). PAMPs elicit PTI and pathogen effectors hamper 

the PTI response, here effector triggered susceptibility (ETS). R-proteins recognize these 

effectors, which causes ETI. However, recently, both PTI and ETI were shown to be equally 

important and depending on one and other for successful immune responses against 

pathogens by the threatened plant (Figure 2B) (Ngou et al., 2021; Yuan et al., 2021). The 

invading pathogen is connected with both PAMPs and secreted effectors. PAMPs cause PTI, 

leading to resistance, which the effectors on the one hand are trying to block. On the other 

hand the effectors are recognized by the plant R-proteins, causing ETI. In consequence, ETI 

potentiates PTI induced resistance (Ngou et al., 2021; Tian et al., 2021; Yuan et al., 2021). 
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Figure 2: Insight into PTI and ETI mediated resistance. The classical model of defense induction “Zig-Zag” 

describing PTI and ETI as individual layers of immunity (A) was overruled by the recent model in which PTI and ETI 

are part of the same response (B). Model (A) describes the amplitude of plant defense during infection. Pathogen 

associated molecular pattern (PAMPS) elicit PAMP triggered immunity (PTI) over the threshold for effective 

resistance. Pathogen effectors work to sabotage the successful response, so called effector triggered susceptibility 

(ETS). However, these effector molecules are recognized by resistance proteins (R-proteins) that trigger effector 

triggered immunity (ETI). ETI results in an immune threshold sufficient to induce a hypersensitive response (HR). 

Another round of ETS and ETI may occur in a similar matter. Model (B) shows that both modes of recognition, PTI 

and ETI, enhance each other and thereby potentiate the resistance, to overcome suppression by the effector 

molecules. Figure redrawn and modified from (Jones and Dangl, 2006; Ngou et al., 2021). 

2.2 The molecular landscape of plant hormones in defense 

responses 

Successful detection of an external thread results in the accumulation of plant hormones, 

phytohormones (Delaney et al., 1994; Vernooij et al., 1994; Koo and Howe, 2009; Chen et al., 

2018). They are considered as bioactive signaling molecules and are involved in 

developmental processes, as well as, adaption to abiotic and biotic stresses. Abscisic acid for 

example has the ability to mediate stomata closure and therefore bacterial entry into the leaf 

tissue as well as water loss. In addition, abscisic acid mediates seed dormancy during 

maturation (Nakashima and Yamaguchi-Shinozaki, 2013; Lim et al., 2015; Ha et al., 2016). A 

subset of plant hormones mediates a transcriptional and metabolic remodeling of the 

basal/unstressed state of the plant towards a defense response, which is connected to a 

pathogenic stressor (Felton and Korth, 2000; Feys and Parker, 2000; Gruner et al., 2013). 

Classically, the line is drawn between biotrophic pathogens that are dependent on living host 

tissue and necrotrophic pathogens that require necrotic host tissue to successfully develop 

(Glazebrook, 2005; Fu and Dong, 2013). Special receptor molecules and their associated 

transcription factor targets are a key to discriminate between these different threads. Thus, 

detection of biotrophic pathogens results in the accumulation of SA and NHP (Wildermuth et 
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al., 2001; Chen et al., 2018; Hartmann et al., 2018). Upon necrotrophic stressors, feeding by 

insects or physical harm to the plants, jasmonic acid (JA) and its bioactive form 

jasmonoyl isoleucine (JA-Ile) are synthesized and mediate defense signaling (Farmer et al., 

2003; Devoto and Turner, 2005; Suza and Staswick, 2008; Fonseca et al., 2009; Haroth et al., 

2019). 

2.2.1  SA biosynthesis and perception 

SA is a phytohormone orchestrating plant immunity towards viruses, bacteria and fungi 

(Delaney et al., 1994). The interaction of a biotrophic pathogen and a plant leads to the 

accumulation of SA in the plant tissue, as shown for Nicotiana tabacum with TMV and Cucumis 

sativus with Colletotrichum lagenarium (Ross, 1961; Malamy et al., 1990; Metraux et al., 1990). 

SA has been shown to induce a local immune response and to be required for successful 

establishment of SAR (Gaffney et al., 1993; Delaney et al., 1994).  

 

Figure 3: Biosynthetic routes of SA. Two routes of salicylic acid (SA) biosynthesis are proposed. On the one hand 

SA is synthesized via the ISOCHORISMATE SYNTHASE 1 (ICS1) dependent pathway from chorismate (CA). CA 

is converted by ICS1 to isochoristmate (IC). ENHANCED DISEASE SUSCEPTIBILITY 5 (EDS5) is required for its 

plastidial export. In the cytosol, AvrPphB SUSCEPTIBLE 3 (PBS3) conjugates IC to glutamate, resulting in 

isochorismate-9-glutamate (IC-9-Glu). IC-9-Glu spontaneously decomposes into SA and enolpyruvyl-N-glutamate 

(2HNG). This decomposition was shown be increased by ENHANCED PSEUDOMONAS SUSCEPTIBILITY 1 

(EPS1). Another biosynthetic route is to proced via the PHENYLALANINE AMMONIA-LYASE (PAL) pathway, which 

has not been fully unraveled. Figure modified from (Rekhter et al., 2019b). 

In A. thaliana, SA derives from chorismic acid. Initially, ISOCHORISMATE SYNTHASE 1 

(ICS1) isomerizes chorismic acid to isochorismic acid in the plastid (Figure 3). At least 90 % 

of the synthesized SA is derived from this ICS1-dependent pathway (Wildermuth et al., 2001). 
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The multidrug and toxic compound extrusion (MATE) protein ENHANCED DISEASE 

SUSCEPTIBILITY 5 (EDS5), a plastidial envelope localized transporter, is essential for 

isochorismic acid export from the plastid (Nawrath et al., 2002; Serrano et al., 2013; Rekhter 

et al., 2019b). In the cytosol, AvrPphB SUSCEPTIBLE 3 (PBS3), a member of the GH3-

enzyme family, conjugates isochorismic acid to glutamic acid resulting in the intermediate 

isochorismic acid-9-glutamic acid (IC-9-Glu). (Rekhter et al., 2019b). The BAHD-

acyltransferase ENHANCED PSEUDOMONAS SUSCEPTIBILITY 1 (EPS1) has an IC-9-Glu 

lyase activity and enhances the spontaneous decomposition into SA and enolpyruvyl-N-

glutamate (2HNG) (Rekhter et al., 2019b; Torrens-Spence et al., 2019). 

ICS1-independent SA may be synthesized via the PHENYLALANINE AMMONIA-LYASE 

(PAL)-pathway (Mauch-Mani and Slusarenko 1996). PAL converts phenylalanine to trans-

cinnamic acid, which is converted into benzoic acid (Wildermuth et al., 2001). Benzoic acid is 

proposed to result in SA via a putative benzoic acid-2-hydroxylase reaction (Wildermuth et al., 

2001). Trans-cinnamic acid was also proposed to be converted to ortho-coumaric acid, which 

then feeds into the SA pool (Yalpani et al., 1993). 

Direct binding to the protein receptor complex NONEXPRESSER OF PR GENES 1 (NPR1) 

transmits the SA signal in response to a pathogen. Mutant npr1 plants have been described 

as nonresponsive to inducers of SAR (Cao et al., 1994). NPR1 is suggested to be an oligomer 

complex directly interacting with SA via a bound copper ion (Tada et al., 2008; Wu et al., 2012). 

Due to changes in the redox state of the cell, reduction of disulfuric acid bonds, and in 

consequence monomerization of the subunits occur (Mou et al., 2003; Tada et al., 2008). The 

monomerization is associated with nuclear accumulation of NPR1, likely due to translocation 

(Mou et al., 2003; Tada et al., 2008). NPR1 is required inside the nucleus to interact with TGA-

transcription factors, which transcriptionally induce expression of pathogenesis related (PR) 

genes (Zhang et al., 1999; Kinkema et al., 2000; Fan and Dong, 2002). The group of 

upregulated genes includes marker genes for plant infection PR1, PR2 and PR5 but does also 

include master transcription factors SAR-DEFICIENT 1 (SARD1) and CALMODULIN-

BINDING PROTEIN 60g (CBP60g). These transcription factors interact with a broad range of 

promotor regions, facilitating plant immunity (Sun et al., 2015). In a feed forward amplification, 

SA and NHP biosynthesis is enhanced, leading to accumulation of the two defense molecules 

(Sun et al., 2018). Recently, NPR1 was shown to facilitate repression of gene expression 

induced by the bacterial JA-Ile mimic the phytotoxin coronatine by direct interaction with MYC2 

transcription factors (Nomoto et al., 2021). Pseudomonas syringae bacteria secrete coronatine 

to suppress and mislead the molecular response of the host plant in the direction of a JA-

mediated defense (Geng et al., 2012; Nomoto et al., 2021). The importance in translating the 

SA-signal to facilitate a broad cellular response makes NPR1 a favorable target for bacterial 
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effectors (Chen et al., 2017). An additional mechanism to translate increased SA-concentration 

into transcriptional reprogramming are the transcriptional repressor proteins NPR3 and NPR4, 

of which both were shown to interact with SA (Fu et al., 2012; Ding et al., 2018). The proteins 

are described to retain PR gene expression in the non-infected (basal) state of the cell (Ding 

et al., 2018). Under pathogen stress, the proteins sense the increasing SA-concentration in 

the infected cell and release from the promotor regions of the PR-genes. This again results in 

transcription of the required defensive genes, and in consequence leads to a signal 

amplification (Ding et al., 2018). 

2.2.2  NHP biosynthesis 

Pip and especially NHP are of increasing interest to researchers, due to their potential of 

amplifying the immune response of plants under attack (Bernsdorff et al., 2016; Guerra et al., 

2020). They have been suggested to mediate a fast response in infected tissue and together 

with SA amplifying the immune response mechanisms. Additionally, NHP is discussed to be a 

mediator of systemic acquired resistance into the distal non-infected tissue of a plant (Chen et 

al., 2018; Hartmann et al., 2018; Guerra et al., 2020). 

In A. thaliana’s response to pathogen, NHP derives from L-lysine, which is subject to 

deamination via the enzyme AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALD1) 

(Figure 4) (Navarova et al., 2012). The ALD1 enzyme uses pyridoxal phosphate to catalyze a 

transamination of the α-amine of L-lysine to pyruvate, resulting in ε-amino-α-ketocaproic acid 

and alanine (Ding et al., 2016). Mutant ald1 plants exhibit impaired local and systemic immune 

response (Navarova et al., 2012; Bernsdorff et al., 2016). Spontaneous cyclization under water 

loss of ε-amino-α-ketocaproic acid results in the generation of Δ1-piperideine-2-carboxylic acid 

(P2C). The ketimine reductase SAR-DEFICIENT 4 (SARD4) reduces P2C into Pip using 

NAD(P)H as cofactor (Ding et al., 2016). However, sard4-5 mutant plants are still able to 

synthesize Pip in local but not in systemic tissue (Ding et al., 2016). Via FLAVIN-DEPENDENT 

MONOOXYGENASE 1 (FMO1), catalyzing N-hydroxylation on Pip with FAD+ bound to the 

enzyme and NAD(P)H as mobile electron donor the biologically active molecule NHP is formed 

(Chen et al., 2018; Hartmann et al., 2018). In addition, heterologous expression of the NHP 

synthesis genes ALD1 and FMO1 in tomato resulted in NHP synthesis without the need to 

express SARD4 (Holmes et al., 2019). Hartmann and Zeier discuss a possible alternative route 

of L-lysine catabolism resulting in Pip (Hartmann and Zeier, 2018). Via the enzyme LYSINE-

KETOGLUTARATE REDUCTASE/SACCHAROPINE DEHYDROGENASE (LKR/SDH), 

L-lysine is converted into saccharopine, by conjugation to α-ketoglutarate. The following 

hydrolysis catalyzed by LKR/SDH results in glutamate and α-aminoadipic acid semialdehyde 

(AAS). AAS cyclizes into 1,6-dehydropipecolic acid (1,6-DP) under water loss. The compound 
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is suggested to be converted into Pip by an unknown mechanism, whereas the reaction from 

Pip into 1,6-DP is catalyzed by SARCOSINE OXIDASE/Pip OXIDASE (SOX/PipOX) 

(Hartmann and Zeier, 2018).  

The receptor and mechanism to translate the NHP signal into a defense response, including 

transcriptional reprogramming remains elusive (Nair et al., 2021). 

 

Figure 4: Biosynthesis of NHP. N-hydroxy pipecolic acid (NHP) in Arabidopsis derives from L-lysine (L-Lys). In 

the plastid L-Lys is subject to transamination by AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALD1) resulting 

in the formation of ε-amino-α-ketocaproic acid (KAC) (Navarova et al., 2012; Bernsdorff et al., 2016). KAC 

spontaneously cyclizes to Δ1-piperideine-2-carboxylic acid (P2C) under water loss. P2C is substrate of the ketimine 

reductase SAR-DEFICIENT 4 (SARD4) giving rise to pipecolic acid (Pip) (Ding et al., 2016). Pipecolic acid exits the 

plastid via a yet unknown transporter and gets subject to N-hydroxylation by FLAVIN-DEPENDENT 

MONOOXYGENASE 1 (FMO1). The FMO1 reaction with Pip results in the active hormone NHP (Chen et al., 2018; 

Hartmann et al., 2018). 

2.2.3  Modes of turnover for active compounds of the plant 

immunity 

As mentioned earlier plants are able to adapt to distinct situations in their life by orchestrating 

their responses with the help of hormones. Via these active molecules, they are able to elicit 

distinct mechanism of cellular adaptation to cope with stress factors. Nevertheless, a 

constitutive activation of a response may cause disadvantages to the organism like dwarfism 

(Zhang et al., 2010; Zhang et al., 2017). Therefore, enzymatic turnover of active molecules 

developed to be a successful route to balance their activity. These reactions are glycosylation, 

methylation, hydroxylation, amino acid conjugation or simply degradation. 
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2.2.3.1 Glycosylation 

In the Arabidopsis genome, approximately 120 UDP-dependent glycosyltransferase (UGT) 

genes are present. The UGTs group into 12 to 14 evolutionary groups by phylogenetic analysis 

(Li et al., 2001; Ross et al., 2001; Lim et al., 2003). They are classified into the UGT superfamily 

by a UGT-defining consensus sequence of 42-44 amino acids (Mackenzie et al., 1997; Li et 

al., 2001; Ross et al., 2001). Further, UGTs group into a family, of which plant UGTs are given 

a number within 71 to 100. The characteristics of a protein family is a sequence homology of 

40 % or higher. The subfamily is indicated by a letter and shows a sequence homology with 

60 % or higher. Last UGTs are assigned down to an individual gene, classified by an individual 

number (Ross et al., 2001) 

Glycosyltransferases (GTs) in general, are able to glycosylate functional groups such 

as: -hydroxy, -carboxy, -amine, -thiol and single bonds between carbon atoms (Bowles et al., 

2006). There are different structural domains described for GTs: GT-A, GT-B or GT-C. UGTs 

using the nucleotide sugar diphosphate, uridine diphosphate (UDP), either belong to GT-A or 

GT-B topology groups, which consist of two β/α/β-Rossmann-fold domains (Breton et al., 2012; 

Albesa-Jové and Guerin, 2016). The major difference between the GT-A and GT-B topology 

is a large cleft between the two Rossman-fold domains in GT-Bs. In comparison, GT-As N-

terminal domain recognizes the nucleotide sugar, whereas the C-terminal domain is required 

in GT-Bs (Lairson et al., 2008; Breton et al., 2012). GT-C enzymes use a lipid-phospho-sugar 

donor for sugar transfer to the acceptor molecule. The sugar transfer follows two different 

reaction mechanisms (Figure 5A) (Albesa-Jové and Guerin, 2016). The “inverting” mechanism 

with an enzyme-substrate complex of GT and aglycon interacting with the activated sugar via 

an oxocarbenium ion-like transition state (Albesa-Jové and Guerin, 2016). In addition, the 

vague described “retaining” mechanism via a covalent glycosyl-enzyme species or 

alternatively short-lived oxocarbenium ion-like species (Albesa-Jové and Guerin, 2016). 

UGTs share a common reaction scheme transferring a sugar-moiety from an activated UDP-

sugar cofactor to a receiver molecule. The reaction results in the product sugar conjugate, 

UDP and water. Two distinct products are known for O-glycosyltransferases, an ester and a 

glycoside conjugate (Lim et al., 2003). George-Thompson and colleagues proposed the 

mechanistic differences in glycoside or glycoside-ester formation for SA (George Thompson 

et al., 2017). Both mechanisms depend on His18 and Asp111 to facilitate coordination of the 

SA anion in the active site and orient the respective site of glycosylation towards the UDP-

glucose molecule. In the salicylate glucose ester (SGE) forming mechanism, Thr15 additionally 

coordinates the oxygen atom of the carboxy group, opening the anionic oxygen atom for 

glycosylation via a nucleophilic attack (Figure 5B). The salicylic acid glucoside (SAG) forming 
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mechanism is supported by Thr365, which coordinates the anionic oxygen atom by a hydrogen 

bridge, forcing the 2-hydroxy group to face the UDP-glucose molecule (Figure 5C).  

 

Figure 5: General mechanism of uridine-diphosphate-glucose-dependent O-glycosyltransferases. The 

aglycon substrate is conjugated to glucose from uridine-diphosphate (UDP)-glucose. The reaction products are a 

glycon, UDP and water. Two reaction mechanisms have been discussed, “Inverting” (A) and “Retaining” (B). The 

“Inverting” mechanism relies on an enzyme-substrate complex with the aglycon. The “Retaining” mechanism 

includes either a covalent glycosyl-enzyme species or an oxocarbenium ion-like species. The latter mechanism has 

not been fully understood. (C) and (D) show the amino acids of the active center of UGT74F2 being able to form 

both SAG and SGE. His18, Asp111 and Thr365 catalyze SAG-formation (C). The 2-OH-group of SA performs an 

SN2-like reaction at the chiral carbon atom of the activated glucose of the UDP-Glc cofactor. His18, Asp111 and 

Thr15 catalyze SGE-formation (D). Their dual coordination of oxygen leads to the ability of the oxo-anion to perform 

the SN2-like reaction at the chiral carbon atom of the activated glucose of the UDP-Glc cofactor. Figure redrawn 

after (Albesa-Jové and Guerin, 2016; George Thompson et al., 2017). 
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Glycosylation regulates physiochemical properties of metabolites, which influence: bioactivity, 

solubility and transport (Ross et al., 2001). These different molecular fates already imply that 

UGTs may play a role in plant pathogen interactions, by modulating the activity of compounds 

being involved as signals or phytoalexins. The regulation of bioactivity is important to balance 

basal metabolism with defense (Zhang et al., 2017). In context of SAR increased solubility for 

storage and transport may play a role in signal propagation and immune memory (Zeier, 2021). 

Transcripts of several UGTs are increased upon bacterial pathogen or signaling molecule 

treatment. However, UGT76B1 (AT3G11340) is a highly induced transcript in RNAseq analysis 

and publically available co-expression data with for example FMO1 (ATTED-II, ver. 11.0, 

(Yildiz et al., 2021; Obayashi et al., 2022). Prior to this thesis UGT76B1 was shown to use SA, 

isoleucic acid (ILA) and leucic acid as aglycon substrates (von Saint Paul et al., 2011; Noutoshi 

et al., 2012; Maksym et al., 2018). Furthermore, UGT76B1s role in the crosstalk between SA 

and JA via ILA raised (von Saint Paul et al., 2011; Maksym et al., 2018). It is annotated as 

enzyme with a GT-B three-dimensional structure status that exhibits an “inverting” reaction 

mechanism (https://www.uniprot.org/uniprot/Q9C768, http://www.cazy.org/GT1.html, both 

accessed 03.05.2022).  

2.2.3.2 Methylation 

Methyl transferases (MTs) are key enzymes for epigenetic modification of DNA and histones 

but are also able to metabolize small molecules, like plant hormones (Zubieta et al., 2003; Lee 

et al., 2016; Zhang et al., 2018). MTs are able to methylate functional groups containing 

oxygen, nitrogen and carbon (Zubieta et al., 2001). The transition of a carboxy group into 

methyl-ester results in increased metabolite stability associated with increased volatility 

(Zubieta et al., 2003). Most commonly, MTs use S-adenosyl-L-methionine (SAM) as cofactor 

(Ward et al., 2021). SAM is generated from adenosine triphosphate (ATP) and methionine by 

SAM-synthetases (Markham et al., 1980). A common group of MTs are members of the 

SA:Benzoat:Theobromine (SABATH) family, exclusively found in the plant kingdom with 24 

members found in Arabidopsis (D'Auria et al., 2003). Some SABATH family MTs were shown 

to transfer the methyl group to oxygen rather than nitrogen (D'Auria et al., 2003). A methylated 

phytohormone, for instance, is methyl JA (MeJA) and its MT has already been described (Seo 

et al., 2001). Another example is MeSA, which is synthesized by an SAM-dependent MT as 

well (Shulaev et al., 1997; Chen et al., 2003). 

The active center required for substrate recognition was determined from a crystal structure of 

a Clarkia breweri SA-MT (Zubieta et al., 2003). The structure shows a binding pocket for SAM 

or the product of the reaction S-adenosyl-L-homocystein (SAH) and a SA binding pocket 

positioning the carboxylic acid group of SA in close proximity to the methyl donor site (Zubieta 
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et al., 2003). A conserved hydrogen-bonding motif for SAM binding of SAM-dependent MTs 

was characterized (Djordjevic and Stock, 1997). The general reaction mechanism of SAM-

dependent MTs is a nucleophilic substitution (Figure 6). The MT substrate harbors a 

nucleophile that attacks the S-methyl auf SAM. The reaction results in a methylated acceptor 

molecule, SAH and a proton (Zubieta et al., 2003; Struck et al., 2012). Another group of MTs 

alternatively uses N5-methyltetrahydrofolate as methyl donor instead of SAM (Laduron, 1972; 

Banerjee and Snyder, 1973).  

Turnover by methylation can result in inactivation but may also raise the opportunity of signal 

distribution and storage. The activity of methyl esterase (MES) enzymes has the potential to 

result in a mode of reactivation during immune memory or in naïve systemic tissue (Park et al., 

2007). For instance, in tobacco, potato and Arabidopsis MESs capable to hydrolyze MeSA to 

SA were identified (Forouhar et al., 2005; Vlot et al., 2008; Manosalva et al., 2010; Shah and 

Zeier, 2013). 

 

Figure 6: Reaction mechanism of SAM-dependent methyl transferases with SA. SA resents the nucleophilic 

substrate of the methyltransferase (MT). The nucleophilic group, represented by the free electron pair of the oxygen 

in the carboxy group of SA, attacks the partial positively charged carbon in the methyl group of the S-adenosyl-L-

methionin (SAM) cofactor. Via a nucleophilic substitution mechanism, the proton is going into solution and the 

methyl group is added to the nucleophilic substrate. The products of the reaction are the methylated substrate, 

MeSA and S-adenosyl-L-homocysteine (SAH). Adapted from (Struck et al., 2012). 
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Hydroxylases are valuable enzymes to modify hormones by the addition of a hydroxyl group. 

Benzoic acids, for example, are subject of turnover to di-hydroxy benzoic acids (DHBAs) by 

hydroxylases in Arabidopsis (Zhang et al., 2013; Zhang et al., 2017). Hydroxy groups result in 

additional modification sites for MT or GTs. In addition to DHBAs, JA and JA-Ile were found to 

be hydroxylated at carbon atom 12. The JA-oxidase (JOX) converts JA to 12-hydroxy JA 
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12-HSO4-JA (Wasternack and Hause, 2013). Sequential hydroxylation as shown for JA-Ile by 

cytochrome P450 enzymes (CYP) CYP94B3 and CYP94C1 might as well result in the 

formation of a carboxy group (Wasternack and Hause, 2013).  

2.2.3.4 Amino acid conjugation 

Gretchen Hagen 3 (GH3) enzymes are acyl acid amido synthetases able to catalyze amino 

acid conjugations to small molecules (Westfall et al., 2010). The GH3 enzyme family is a very 

diverse group of proteins that fulfills several functions in phytohormone metabolism ranging 

from biosynthesis, and activation to inactivation (Westfall et al., 2010; Rekhter et al., 2019b). 

As already mentioned the GH3 enzyme PBS3 was shown to play a crucial role in hormone 

biosynthesis, conjugating IC to glutamate following a decomposition of the precursor IC-9-Glu 

to the active hormone SA (Rekhter et al., 2019b). Other GH3 enzymes are shown to play a 

role in metabolite activation such as JAR1 and GH3.10, which conjugate JA to isoleucine 

forming JA-Ile (Staswick and Tiryaki, 2004; Delfin et al., 2022). Inactivation of the active 

compound is proposed as third mechanism of GH3 enzymes. GH3.5 conjugates SA to aspartic 

acid leading to SA-inactivation (Mackelprang et al., 2017). Westfall and colleagues 

demonstrated that over expression of GH3.5 leads to increased levels of SA-Asp (Westfall et 

al., 2016). Additionally, GH3.5 was shown to catalyze the conjugation of indole acetic acid to 

aspartic acid leading as well to inactivation and degradation of auxin (Westfall et al., 2010; 

Mackelprang et al., 2017). The largest group, the group two GH3 enzymes: GH3.1, 2, 3, 4, 6, 

9 and 17 are responsible for indole acetic acid turnover (Casanova-Sáez et al., 2022). 

2.2.4  SA turnover 

A way to terminate the SA signal is its metabolic turnover (Song et al., 2008). On the one hand, 

SA has a carboxy and a hydroxy group that can reversibly be chemically modified. On the 

other hand, the aromatic benzene backbone harboring a delocalized pi-electron system may 

be accessible for irreversible modifications as well. Until now, a number of enzymatic SA 

modifications have been described (Figure 7). At least three UGTs were shown to glycosylate 

SA UGT74F1, UGT74F2 and UGT76B1 (Song et al., 2008; Noutoshi et al., 2012). They can 

glycosylate SA at both the carboxy and the hydroxy group (von Saint Paul et al., 2011; 

Noutoshi et al., 2012). Song and colleagues described UGT74F2 as being early responsive to 

disease in Arabidopsis (Song, 2006). Later they were able to show that UGT74F2 glucosylates 

SA-methyl ester (MeSA) to MeSAGlc in vitro (Song et al., 2008). In addition, MeSAGlc 

formation by UGT71C3 was recently suggested in vitro and in vivo, thus influencing defense 

and SAR (Chen et al., 2019). BENZOIC ACID/SALICYLIC ACID METHYLTRANSFERASE1 

(BSMT1) synthesizes MeSA in an SAM-dependent manner (Chen et al., 2003). Two 
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hydroxylases SA-3-HYDROXYLASE (S3H) and SA-5-HYDROXYLASE (S5H) are known to 

use SA as substrate, forming 2,3-DHBA and 2,5-DHBA (Zhang et al., 2013; Zhang et al., 2017). 

In addition, SA metabolites can be further targets of turnover by glycosylation (Li et al., 2014; 

Huang et al., 2018; Chen et al., 2019). 

 

Figure 7: Metabolic network of SA. SA is a common defense molecule of plants (Metraux et al., 1990). SA is 

metabolized into several compounds. SA glycosylation by UGT76B1 and UGT74F1 results in the SA-O-glycoside 

(SAG) (von Saint Paul et al., 2011; George Thompson et al., 2017). SA glycosylation reaction by UGT74F2 mainly 

results in SA-glycoside-ester (SGE) (Song, 2006; Song et al., 2008). SA-methyl ester (MeSA) is synthesized by 

BSMT1 (Chen et al., 2003). MeSA is glycosylated by UGT71C3 resulting in MeSA-O-glycoside (MeSAG) (Chen et 

al., 2019). SA can also be turned over via hydroxylation by the enzymes SA-3-HYDROXYLASE (S3H) and SA-5-

HYDROXYLASE (S5H) forming 2,3-di-hydroxy-benzoic acid (2,3-DHBA) and 2,5-di-hydroxybenzoic acid (2,5-

DHBA), respectively (Zhang et al., 2013; Zhang et al., 2017). The two DHBAs themselves can be glycosylated by 

UGT76D1 or xylosylated by UGT89A2 (Li et al., 2014; Huang et al., 2018). The amino acid conjugate SA-aspartate 

(SA-Asp) is synthesized by Gretchen Hagen 3 enzyme 5 (GH3.5) (Zhang et al., 2007; Chen et al., 2013). 

2.2.5  NHP turnover 

With respect to NHP metabolism so far a single molecular modification has been described, 

the glycosylation (Figure 8). Convincing evidence were laid out about the presence of the NHP-

O-glycoside (NHP-OGlc) (Chen et al., 2018). In addition, a second glycoside, NHP-glycoside 

ester was detected (Hartmann and Zeier, 2018; Bauer et al., 2021). Nevertheless, besides the 

description of the glycosylated-NHP molecules neither an enzyme being able to catalyze their 
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synthesis nor the molecular function of NHP-glycosylation were identified. Similarly, it is 

unclear, whether NHP can be converted into Pip and if other NHP-metabolites are synthesized 

in the response to pathogen, as for example NHP-conjugates or methylated NHP molecules. 

None of the other mentioned enzymatic activities being able to turnover metabolites: 

methylation, hydroxylation, or amino acid conjugation were described for NHP prior to this 

thesis. 

 

Figure 8: NHP metabolite network. As described above NHP is synthesized from Pip via FMO1, however further 

metabolic routes remain elusive. NHP was shown to be present as two glycosidic forms NHP-O-glycoside (NHP-

OGlc) and NHP-glycoside-ester (NHPGE), however, no enzymes able to catalyze the biosynthesis were described 

prior to this thesis (Chen et al., 2018; Hartmann and Zeier, 2018; Bauer et al., 2021). If other NHP-metabolites are 

present in plants and if NHP can be converted to Pip remains unknown. 

2.3 Systemic acquired resistance  

In addition to a local immune response at the site of infection, plants show the ability to alert 

uninfected systemic tissue for a robust defense response in the event of a secondary infection 

(Ross, 1961). Several molecules are discussed as mobile signals promoting the primary 

defense response during SAR (Figure 9) (Dempsey and Klessig, 2012; Fu and Dong, 2013). 

MeSA, glycerol-3-phosphate, azelaic acid, JA, dehydroabietinal and Pip were functionally 

connected with SAR (Shulaev et al., 1997; Park et al., 2007; Truman et al., 2007; Jung et al., 

2009; Chanda et al., 2011; Fu and Dong, 2013; Bernsdorff et al., 2016). However, most of the 

proposed molecules have not been unambiguously assigned to be a SAR mobile signal. The 

amount of SAR related signals is vast so that the community of plant scientists sent an “SOS” 

(Dempsey and Klessig, 2012). The FMO1 gene has a critical role for successful SAR 

establishment (Mishina and Zeier, 2006). Together with FMO1 functional annotation to 

synthesize NHP from Pip, NHP came into focus to be critical for SAR and to be the mobile 
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signal to the distal tissue (Chen et al., 2018; Hartmann et al., 2018). Schnake and colleagues 

provided further evidence about the detection of NHP in petiole exudates from local and 

systemic leaves of Cucumis sativus in an infection dependent manner (Schnake et al., 2020). 

During the propagation of SAR triggered by insect eggs, NHP and SA are suggested to play a 

key role, as ics1, ald1 and fmo1 mutants cannot trigger a SAR response (Alfonso et al., 2021). 

Alfonso and colleagues showed that the oviposition does trigger both a systemic immune 

response against the necrotrophic fungus Botrytis cinerea and against the oomycete pathogen 

Hyaloperonospora arabidopsidis Noco 2 (H.a. Noco 2) (Alfonso et al., 2021).  

 

Figure 9: Compounds suggested to be mobile signals in SAR. MeSA, Glycerol-3-phosphate-derivatives, azelaic 

acid, JA, dehydroabietinal, Pip and NHP are suggest to be required as mobile signals during SAR. Modified from 

(Dempsey and Klessig, 2012).  

2.4 Metabolomics in plant science 

To unravel the metabolic composition within a plant tissue, metabolomics is an emerging 

discipline in biochemistry and molecular biology. Over the recent years, the number of 

publications per year applying metabolomics is steadily increasing (Letertre et al., 2020). 

Whereas genomics and transcriptomics deal with the whole complement of genes or 

transcripts and proteomics cover the level of proteins, metabolomics is the method to 

investigate cellular responses at the level of small molecules. Metabolites can be subdivided 

in central and, especially important for this work, specialized metabolism (Patti et al., 2012; 

Feussner and Polle, 2015). The metabolome of a developing plant undergoes dramatic 

changes, when the plant is challenged (Bennett and Wallsgrove, 1994). External threads like, 

wounding, high energetic light or bacterial and fungal pests result in a widespread response of 

the metabolome (König et al., 2014; Haroth et al., 2019; Gao et al., 2020). The estimated 

number of metabolites in the plant kingdom ranges from 1x105 to 1x106 compounds (Alseekh 

and Fernie, 2018). Taking the enormous structural diversity of small molecules in living 
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organisms into account, a comprehensive analysis of the metabolome, which represents the 

entire content of all small molecular weight molecules, is until now not possible. Nevertheless, 

there are different strategies available to cover a large number of compounds. Within the 

discipline of metabolomics, on the one hand, we aim to detect, visualize and draw conclusions 

out of these changes, to develop hypotheses about the mechanistically response of the 

analyzed plant (Kaever et al., 2009; Kaever et al., 2013; Kaever et al., 2015; Chong et al., 

2019; Feussner and Feussner, 2019). With non-targeted approaches, like ultra-high 

performance liquid chromatography coupled to electrospray ionization high resolution mass 

spectrometry (UHPLC-ESI-HRMS)-based metabolome analysis, the challenge to identify 

infection and defense marker, which are built after the attack of a pathogen, can be taken. In 

addition, non-targeted metabolome analysis allow to overview the metabolic changes within a 

threatened organism and can help to describe defense adaptation processes on a more global 

scale. On the other hand, targeted metabolomics profiling analyses are a way to challenge 

hypothesis, for example a functional gene-molecule relationship when the metabolites involved 

are known. Additionally, targeted quantitative metabolomics enable quantification of molecules 

from biological tissue, when certain prerequisites like authentic standard availability and MS 

calibration are matched (Herrfurth and Feussner, 2020). Approximately, 14 thousand 

metabolites are quantifiable within the plant kingdom (Alseekh et al., 2021). In the medical field 

metabolomics emerge to become a powerful tool for clinical diagnostics (Pang et al., 2019). 

A powerful tool is the combination of UHPLC-ESI-HRMS, here referred to as non-targeted 

metabolome analysis (Feussner and Feussner, 2019). As the terminology suggests, the 

analysis of the metabolome does not only include an aim for defined compounds, but is 

designed to detect small molecules at a global scale within a metabolite extract in an unbiased 

manner (Figure 10A) (Patti et al., 2012). An UHPLC-ESI-HRMS-based method is designed to 

adequately separate complex metabolite extracts by the chemical properties of the 

constituents, via the interaction to the chromatographic column on the LC-unit. Throughout the 

analysis, each component retains at the column at a LC-specific retention time. In a next step, 

the eluting molecules are ionized via ESI, an efficient and soft ionization method. ESI 

represents the perfect ionization method to combine LC with mass spectrometry (Banerjee and 

Mazumdar, 2012). In the charged state, mainly as [M+H]+ in positive ESI or as [M-H]- in 

negative ESI, the molecule ions may travel via a quadrupole of the mass spectrometer, and 

may be detected via their time-of-flight (TOF) in the flight tube. The detector is able to gain 

high mass accuracy information about each individual molecule, given as mass-to-charge ratio 

(m/z). If several molecule ions of the same identity are detected, the signal intensity could 

increase. The intensity information hereby is classified as relative signal intensity in counts per 

seconds (cps), also because the ionization efficiency for each compound depends on its 

chemical structure and differs therefore for the metabolites. Each signal with a unique accurate 
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mass information given as m/z in combination with its specific retention time and its relative 

intensity over all the samples of one sample batch is considered as metabolite feature. The 

sum of these features provide a general overview about the molecular state of the tissue and 

allow comparison between different conditions, for instance biotic or abiotic stress treatments. 

However, each of the molecular features of interest requires an unequivocal identification and 

confirmation of its chemical structure based on accurate mass information, tandem mass 

spectrometry (MSMS)-experiments and/or by co-elution with an authentic standard (Patti et 

al., 2012). Together with compound databases like KEGG and Biocyc for the search of 

tentative identities by accurate mass comparison and METLIN or MassBank for unequivocal 

structure confirmation, the verification of the chemical structure of a metabolite markers is 

driven (Zhu et al., 2013). Complete annotation of a dataset is a desirable goal, however, to 

date no complete metabolome of any organism was described (Viant et al., 2017). In addition, 

the uncertainty about each molecules ionization efficiency and the influence of ion suppression 

by co-eluting molecules is limiting the method, to only relative information. Non-targeted 

metabolome datasets can be stored in public repositories like MetaboLights enabling access 

to the scientific community (Haug et al., 2020). 

To achieve quantitative data about molecules in plant tissue, information on the specific 

retention time, ionization efficiency, fragmentation behavior of the analyte is mandatory. In 

addition, stably labeled authentic standards for each analyte that are going to be quantified 

need to be added to the sample before extraction. This allows to monitor the recovery rate 

during extraction to obtain, in combination with the knowledge about the detector calibration, 

absolute amounts for a compound in a complex extract (Figure 10B) (Herrfurth and Feussner, 

2020). Within the quantitative metabolomics workflow, we can use a specific, very fast and 

sensitive mode for data acquisition, the so-called single, respectively, multiple reaction 

monitoring (SRM or MRM). In this mode for each compound under analysis, one or more 

specific transitions are defined, which contain the information about the m/z of the complete 

molecular ion and one or several respective fragment ions. The pieces of information can be 

compared and calculated back to the amount of tissue extracted, to quantitatively describe, 

the molecular abundance in the sample (Herrfurth and Feussner, 2020). The quantified 

metabolites can be compared between sample groups or even different experiments based on 

absolute amounts (Patti et al., 2012).  
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Figure 10: Non-targeted metabolome and quantitative metabolomics analysis workflows. Non-targeted 

metabolome analysis (A) require sample preparation in an experimental setup and metabolite extraction. The 

metabolite extract is processed via LC/MS. Derived data has to be processed and visualized for interpretation. 

Identified metabolic features are validated via MSMS-fragmentation. The outcome of non-targeted metabolome 

analysis is a metabolic profile of the analyzed sample. Quantitative metabolomics (B) require established workflows 

with standard metabolites for quantification. Sample preparation is followed by metabolite extraction, which includes 

the addition of standard metabolites. The metabolite extract is processed via LC/MS. The derived data is processed 

comparing native signals and standards and analyzed to allow quantitative comparisons. The outcome of a 

quantitative metabolomics analysis can be specific metabolite quantification. Figure modified from (Patti et al., 

2012). 

2.5 Aims of the study 

The aim of the study was to unravel the metabolic network of NHP and SA, including the 

investigation of enzymes fulfilling essential function in either biosynthesis or metabolic turnover 

of these hormones mediating plant immunity. In detail, we aim to describe the function of 

UGT76B1 in the plant immune network and to investigate the cause of reduced growth in the 

ugt76b1-1 mutant plant. We wanted to investigate the role of NHP-OGlc in the onset of SAR, 

and test if it was required to successful SAR establishment. Furthermore, we aim to 

characterize the NHP metabolome in an unbiased non-targeted metabolomics approach. 

Therefore, we developed a dual-infiltration approach that tracks molecule transition of 

infiltrated labeled and unlabeled NHP in vivo. Additionally, we characterize novel metabolites 

of NHP including NHP-OGlc-hexose (NHP-OGlc-Hex), NHP-OGlc-malonic acid (NHP-

OGlcMal), NHP-methyl ester (MeNHP) and NHP-methyl ester-O-glucoside (MeNHP-OGlc). 

Investigations into methylated NHP towards its structural and functional features are 

described. 
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3. Chapter I. - The glycosyltransferase UGT76B1 modulates 

N-hydroxy pipecolic acid homeostasis and plant immunity  

 

This article was published online in The Plant Cell in January 2021. The supplementary 
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Abstract
The tradeoff between growth and defense is a critical aspect of plant immunity. Therefore, the plant immune response
needs to be tightly regulated. Salicylic acid (SA) is an important plant hormone regulating defense against biotrophic
pathogens. Recently, N-hydroxy-pipecolic acid (NHP) was identified as another regulator for plant innate immunity and
systemic acquired resistance (SAR). Although the biosynthetic pathway leading to NHP formation is already been identified,
how NHP is further metabolized is unclear. Here, we present UGT76B1 as a uridine diphosphate-dependent glycosyltrans-
ferase (UGT) that modifies NHP by catalyzing the formation of 1-O-glucosyl-pipecolic acid in Arabidopsis thaliana. Analysis
of T-DNA and clustered regularly interspaced short palindromic repeats (CRISPR) knock-out mutant lines of UGT76B1 by
targeted and nontargeted ultra-high performance liquid chromatography coupled to high-resolution mass spectrometry
(UHPLC-HRMS) underlined NHP and SA as endogenous substrates of this enzyme in response to Pseudomonas infection
and UV treatment. ugt76b1 mutant plants have a dwarf phenotype and constitutive defense response which can be sup-
pressed by loss of function of the NHP biosynthetic enzyme FLAVIN-DEPENDENT MONOOXYGENASE 1 (FMO1). This
suggests that elevated accumulation of NHP contributes to the enhanced disease resistance in ugt76b1. Externally applied
NHP can move to distal tissue in ugt76b1 mutant plants. Although glycosylation is not required for the long-distance
movement of NHP during SAR, it is crucial to balance growth and defense.
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Introduction

Plants are constantly exposed to biotic and abiotic stress. To
deal with external threats, plants have developed an impres-
sive repertoire of chemical compounds. However, there is a
trade-off between defense and growth as shown in autoim-
mune mutants such as snc2-1D, npr1-1, and s3h s5h, which ac-
cumulate high levels of defense hormones and exhibit severe
dwarf phenotypes (Zhang et al., 2010, 2017). To balance
growth and defense responses, plants constantly monitor and
adjust the homeostasis of these compounds. Dynamic changes
of the levels of immune signaling molecules allow plants to re-
act rapidly and appropriately to danger (Hartmann and Zeier,
2019; Huang et al., 2020). The biosynthesis, transport, and ho-
meostasis of the signaling molecules are therefore strictly regu-
lated to prevent unintended consequences.

Two signaling molecules, salicylic acid (SA) and N-hy-
droxy-pipecolic acid (NHP), are particularly important in
plant defense against biotrophic pathogens. Together they
orchestrate the immune response in the local tissue to pre-
vent pathogen spread (Hartmann et al., 2018; Guerra et al.,
2020). Locally produced defense signals are further translo-
cated to distal parts of the plant, leading to massive tran-
scriptional, and metabolic reprogramming in the naive
tissues, which enables a quick and robust response to subse-
quent infections (Bernsdorff et al., 2016). This induced im-
munity in distal tissue is termed as systemic acquired
resistance (SAR). Most of the signaling molecules participat-
ing in the induction of SAR can be found in the phloem
upon infection (Fu and Dong, 2013). The effect of SA and
NHP in the context of plant immunity has been well docu-
mented (Chen et al., 2018; Hartmann et al., 2018; Zhang and
Li, 2019; Huang et al., 2020).

Biosynthesis of SA is divided into two major routes that
result in SA formation in planta: The phenylpropanoid or
PHENYLAMMONIA LYASE (PAL) pathway and the
ISOCHORISMIC ACID SYNTHASE 1 (ICS1) pathway (Yalpani
et al., 1993; Wildermuth et al., 2001). Nevertheless, in
Arabidopsis thaliana �90% of endogenous SA derives from
chloroplast-derived isochorismic acid, which is exported to
the cytosol via ENHANCED DISEASE SUSCEPTIBILITY 5
(EDS5) and conjugated to glutamate by AvrPphB
SUSCEPTIBLE 3 (PBS3). The formed isochorismic acid-9-
glutamic acid then spontaneously decomposes into SA and
enolpyruvyl-N-glutamic acid (Rekhter et al., 2019b).
Furthermore, ENHANCED PSEUDOMONAS SUSCEPTIBILITY
1 (EPS1) has been shown to enhance SA formation from iso-
chorismic acid-9-glutamic acid (Torrens-Spence et al., 2019).

NHP was recently discovered as a signaling compound for
plant defense against biotrophic pathogens (Chen et al.,
2018; Hartmann et al., 2018). So far, research has focused on
the biosynthesis of NHP from lysine. In the first step, the a-
aminotransferase AGD2-LIKE DEFENSE RESPONSE PROTEIN
1 (ALD1) catalyzes the transamination of lysine into e-
amino-a-keto caproic acid (Song et al., 2004; Navarova et al.,
2012; Vogel-Adghough et al., 2013) (Figure 1). This com-
pound spontaneously cyclizes and thereby yields D1-

piperideine-2-carboxylic acid (P2C). In a second step, the
ketimine reductase SAR-DEFICIENT 4 (SARD4) catalyzes the
formation of pipecolic acid (Pip) from P2C (Ding et al.,
2016; Hartmann et al., 2017). Pip requires N-hydroxylation
to NHP in order to reach its full protective capacity. This ac-
tivation is catalyzed by FLAVIN-DEPENDENT
MONOOXYGENASE 1 (FMO1) (Chen et al., 2018; Hartmann
et al., 2018) (Figure 1).

One important strategy to maintain a preferred concen-
tration of an active metabolite is chemical modification,
which can change the bioavailability and activity of the
compound. Different modifications of SA such as hydroxyl-
ation and methylation have been described (Song et al.,
2009; Zhang et al., 2017). SA itself as well as its catabolites
can be further xylosylated (addition of the pentose xylose)
and glycosylated (addition of a hexose) (Song et al., 2008;
Bartsch et al., 2010; Huang et al., 2018). The transfer of an
activated sugar moiety onto a target molecule is predomi-
nantly catalyzed by the widespread enzyme family of uridine
diphosphate (UDP)-DEPENDENT GLYCOSYL
TRANSFERASES (UGTs). The closely related UGT74F1 and
UGT74F2 catalyze the formation SA-glycoside (SAG) and SA
glucose ester (SGE), respectively (Dean and Delaney, 2008;
George Thompson et al., 2017). Another enzyme UGT71C3
was recently shown to be responsible for the biosynthesis of
methyl-SA glycoside (Chen et al., 2019). Despite the high
abundance of these glycosides upon stress, the biological sig-
nificance of the formation of these compounds is elusive.
Blocking glycosylation of SA has been shown to result in en-
hanced disease resistance (Noutoshi et al., 2012). In tobacco
(Nicotiana tabacum), SAG is transported from the cytosol
into vacuoles, suggesting that the glucosides are a storage
form of SA. On the other hand, the formation of SAG may
be important for the vascular transport, as there is evidence
that SAG can be hydrolyzed back into SA in the extracellular
space (Hennig et al., 1993; Seo et al., 1995).

So far, only one metabolite of NHP was identified, namely
NHP-O-glycoside (NHP-OGlc) (Chen et al., 2018; Hartmann
et al., 2018). Intriguingly, externally supplied NHP can be
found in distal tissues in uninfected fmo1 mutant plants as
NHP and NHP-OGlc, suggesting that at least one of these
molecules is mobile in planta (Chen et al., 2018). Until now,
neither the function of NHP-OGlc nor the enzyme that cata-
lyzes the glycosylation of NHP has been identified. Here we
report that UGT76B1, which was previously reported to gly-
cosylate SA and 2-hydroxy-3-methyl-pentanoic acid (isoleu-
cic acid, ILA), catalyzes the formation of NHP-OGlc (von
Saint Paul et al., 2011; Noutoshi et al., 2012; Maksym et al.,
2018). UGT76B1 has strong in vitro activity toward NHP
and no detectable amount of NHP-OGlc is synthesized in
ugt76b1 mutant plants, which results in increased NHP ac-
cumulation, a dwarf phenotype, and enhanced disease resis-
tance against biotrophic pathogens. Moreover, we show that
externally applied NHP is mobile to distal tissue in the ab-
sence of UGT76B1 and that transport of NHP seems not to
depend on further glycosylation.
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Results

Nontargeted metabolome analysis of infected leaf
tissue revealed NHP as the in vivo substrate of
UGT76B1
Searching for the protein that catalyzes the formation of
NHP-OGlc, we identified UGT76B1 as a recurring candidate
gene from several studies (von Saint Paul et al., 2011;
Noutoshi et al., 2012; Gruner et al., 2013; Hartmann et al.,
2018). UGT76B1 was classified as a SAR gene in these stud-
ies. In addition, by screening online co-expression databases,
we established that UGT76B1 is co-expressed with FMO1.
This encouraged us to further investigate the role UGT76B1
in plant immunity. The loss-of-function mutant ugt76b1-1
showed enhanced resistance against Pseudomonas infections
(von Saint Paul et al., 2011; Noutoshi et al., 2012; Maksym
et al., 2018). Although UGT76B1 has previously been shown
to exhibit SA glycosyltransferase activity, the enzyme has a
high level of substrate promiscuity in vitro. Additional sub-
strates are ILA, leucic acid, 2-ethyl-2-hydroxybutyric acid,
and valic acid (von Saint Paul et al., 2011; Noutoshi et al.,
2012; Maksym et al., 2018). Since UGT76B1 has been shown
to influence SA metabolism, we wondered if UGT76B1 has
other substrates in vivo.

We conducted a nontargeted metabolome analysis on Col-
0 and ugt76b1-1 leaves after mock or Pseudomonas treat-
ment. The dataset obtained by the nontargeted ultra-high
performance liquid chromatography coupled to high-
resolution mass spectrometry (UHPLC-HRMS) analysis
showed relative intensity profiles of 448 metabolite features
[false discovery rate fFDRg5 0.005], which were arranged
into seven clusters by means of one-dimensional self-organiz-
ing maps (Figure 2). NHP-OGlc was not detectable in infected
ugt76b1-1 mutant plants and SAG was strongly reduced
compared to the Pseudomonas syringae ES4326 (P.s.m.)
infected wild-type plants (Col-0; Figure 2, Cluster 1). In con-
trast to that, NHP and SA showed a three- and two-fold ac-
cumulation, respectively, in infected ugt76b1-1 plants
compared to the respective wild-type plants (Cluster 3).
Interestingly, the NHP precursor Pip, as well as 2HNG as a
fragment of the SA-precursor isochorismic acid-9-glutamic

acid, showed comparable amounts in infected wild-type and
ugt76b1-1 mutant plants (Cluster 2). We could not find evi-
dence for additional substrates or products of UGT76B1 un-
der our conditions with the nontargeted approach. However,
we detected increased levels of the second SA-derived me-
tabolite SGE in ugt76b1-1 plants after infection (Cluster 3).
Together, the experiment leads to the identification of NHP
as an in vivo substrate of UGT76B1.

UGT76B1 loss-of-function mutant plants do not ac-
cumulate NHP-OGlc
In addition to nontargeted metabolome analysis, we quanti-
tatively analyzed the amount of NHP, NHP-OGlc, SA, and
SAG in wild-type (Col-0), fmo1-1, and ugt76b1-1 plants after
infection with P.s.m. (Figure 3A). Twenty-four hours post-
infection (hpi), wild-type plants accumulated NHP and
NHP-OGlc to levels of 68 and 89 nmol/g fresh weight (f.w.),
as well as of SA and SAG to 7 and 166 nmol/g f.w., respec-
tively. ugt76b1-1 plants exhibited nearly a three-fold higher
accumulation of NHP (184 nmol/g f.w.) compared to wild-
type, whereas NHP-OGlc was not detected in the mutant af-
ter infection. As expected, fmo1-1 plants, which cannot gen-
erate NHP from Pip, accumulated neither NHP nor NHP-
OGlc. Additionally, we observed an about 2.5-fold higher ac-
cumulation of SA after infection in ugt76b1-1 plants com-
pared to the wild-type, whereas fmo1-1 plants exhibited
comparable SA levels to the wild-type, and moderately re-
duced SAG levels.

Similar results were obtained when we used UV-C to stim-
ulate the production of NHP and SA independently of path-
ogen infection (Yalpani et al., 1994; Rekhter et al., 2019a).
Twenty-four hour post-UV-C-treatment, we detected 56 and
131 nmol/g f.w. of NHP and NHP-OGlc as well as 1.74 and
73 nmol/g f.w. of SA and SAG in wild-type plants
(Figure 3B). In fmo1-1 plants, no detectable amounts of
NHP and NHP-OGlc were found after UV-C treatment, while
SA and SAG accumulated to wild-type levels. In ugt76b1-1
plants, we observed a nearly three-fold increase in NHP
compared to wild-type plants, but no formation of NHP-
OGlc was detectable. There is also an increase in SA
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Figure 1 Biosynthesis of NHP-OGlc. The biosynthesis of NHP-OGlc starts from L-lysine, which is converted by ALD1 to e-amino-a-keto caproic
acid (Song et al., 2004; Navarova et al., 2012; Vogel-Adghough et al., 2013). The compound spontaneously cyclizes to P2C and is reduced by
SARD4 to Pip (Ding et al., 2016; Hartmann et al., 2017). FMO1 hydroxylates Pip to form NHP, the biologically active pipecolate (Chen et al., 2018;
Hartmann et al., 2018). In a last step, NHP is glucosylated at the hydroxyl functional group to form NHP-OGlc.

The Plant Cell, 2021 Vol. 33, No. 3 THE PLANT CELL 2021: 33: 735–749 | 737

26



accumulation (2.87 nmol/g f.w.) and a decrease in SAG accu-
mulation (27 nmol/g f.w.) in ugt76b1-1. Together, these data
strengthen the hypothesis that NHP-OGlc formation is de-
pendent on a functional UGT76B1 enzyme, as was addition-
ally confirmed with two independent deletion mutant
alleles of UGT76B1 (Supplemental Figure S1).

UGT76B1 acts downstream of FMO1 thereby
regulating plant immunity
We hypothesized that increased NHP accumulation in
ugt76b1-1 plants after infection is due to its impaired glyco-
sylation and that the dwarfed and enhanced resistance phe-
notype requires NHP. Furthermore, we assumed that
UGT76B1 acts downstream of FMO1. To test this hypothe-
sis, we assessed the growth of Hyaloperonospora arabidopsis
(H.a.) Noco 2 on Col-0, fmo1-1, FMO1-3D (a gain-of-
function mutant for FMO1), three mutant alleles of
UGT76B1 (ugt76b1-1, -3, and -4) and three fmo1-1 ugt76b1
double knock-out mutant lines (fmo1-1 ugt76b1-5, fmo1-1
ugt76b1-1-40, and fmo1-1 ugt76b1-1-104; Figure 4). In com-
parison to Col-0, FMO1-3D showed high resistance against

H. a. Noco 2, while fmo1-1 was more susceptible. ugt76b1-1,
-3, and -4 exhibited strong resistance, but the double mu-
tant lines showed similar susceptibility as fmo1-1
(Figure 4A). Additionally, we found that basal PR1 expres-
sion is enhanced in all three ugt76b1 alleles compared to
Col-0 (Figure 4B), consistent with findings from a previous
report (von Saint Paul et al., 2011). In contrast, the expres-
sion level of PR1 is similar in fmo1-1 ugt76b1-5 and fmo1-1.
In addition, the dwarf phenotype and dark green leaf color
in the ugt76b1 alleles are suppressed in the fmo1-1 ugt76b1-
5 double mutant (Figure 4C). The fmo1-1 ugt76b1-1 double
mutant plants accumulate neither NHP nor NHP-OGlc
(Supplemental Figure S2). Altogether, the data indicate that
UGT76B1 acts downstream of FMO1 and that NHP is re-
quired for both the enhanced resistance and dwarf pheno-
type of ugt76b1 plants.

Increased accumulation of NHP in ugt76b1 plants
underlines the importance of turnover via UGT76B1
Next, we wondered whether the enhanced accumulation of
NHP and SA in the ugt76b1 mutants after infection is due
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Figure 2 Nontargeted metabolomics revealed NHP as a substrate of UGT76B1 in vivo. Col-0 and ugt76b1-1 mutant plants were infiltrated with
MgCl2 (mock) or Pseudomonas syringae ES4326 (P.s.m.) at OD600 = 0.05. Samples were collected 24 hpi. Metabolites of the polar extraction phase
were analyzed by a metabolite fingerprinting approach based on UHPLC-HRMS. Intensity-based clustering by means of one-dimensional self-orga-
nizing maps of the relative intensities of 448 metabolite features (FDR5 0.005) in seven clusters is shown. The heat map colors represent average
intensity values according to the color map on the right-hand side. The width of each cluster is proportional to the number of features assigned
to this cluster. Box plots for selected metabolites of the indicated clusters are shown. Borders represent the high and low value of the measure-
ment and horizontal lines represent the median value. The identity of the metabolites was unequivocally confirmed by UHPLC-HRMSMS analyses.
Data represent n = 3 replicates. Each replicate represents an individual pool of 4–6 leaves of six plants per condition. The results were confirmed
by a second independent experiment.
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to impaired turnover or increased biosynthesis of NHP and
SA. As an indirect measure, we analyzed the transcript levels
of SA and NHP biosynthetic genes 24 hpi with P.s.m. by
quantitative real time-polymerase chain reaction (RT-PCR).
The transcript abundance of the SA biosynthetic genes ICS1,
EDS5, and PBS3 (Figure 5, A–C) was similar in the wild-type
and ugt76b1-1 mutant. Interestingly, transcripts of all three
genes were upregulated in the mock-treated ugt76b1-1, sug-
gesting that the basal expression levels of these SA biosyn-
thetic genes are higher in the UGT76B1 knock-out
background. This notion is supported by the transcript levels
of PR1 and PR2 after mock treatment (Supplemental Figure
S3). Despite the increased amount of NHP (Figure 3A), the
transcript levels of NHP-biosynthetic genes ALD1 and FMO1
are significantly reduced in ugt76b1-1 compared to the wild-
type. As a control, we monitored the transcript level of
UGT74F2 in Col-0 and ugt76b1-1. The transcript abundance
of UGT74F2 did not change after infection in Col-0 and
ugt76b1-1 plants (Figure 5). Taken together, the increased
SA and NHP levels in ugt76b1 mutants upon pathogen in-
fection are unlikely caused by increased biosynthesis as
shown on the level of transcription of the biosynthetic
genes, since the respective transcripts are not higher in
ugt76b1-1 than in the wild-type. These findings may support
that UGT76B1 plays a central role in the turnover of NHP
and influences the formation of SAG.

UGT76B1 catalyzes the glycosylation of NHP in vitro
In addition, we checked whether UGT76B1 can glycosylate
NHP in vitro. The His-tagged UGT76B1 was heterologously
expressed in Escherichia coli and purified to homogeneity by
affinity chromatography and size exclusion chromatography
(Supplemental Figure S4). The enzymatic reaction of recom-
binant UGT76B1 with NHP and UDP-glucose as substrates
was monitored by UHPLC-HRMS. As shown in Figure 6A,
UGT76B1 catalyzes in vitro formation of NHP-OGlc (m/z
308.1342, retention time [RT] 2.12 min). We also confirmed
glycosylation of SA and ILA by UGT76B1 (von Saint Paul
et al., 2011; Noutoshi et al., 2012). The formation of the re-
spective glucosides SAG (m/z 299.0793, RT 3.14 min) and
ILA-glycoside (ILA-Glc) (m/z 293.1240, RT 3.35 min) is
shown in Figure 6, B and C. In addition, we determined the
Michaelis–Menten constant (KM) for SA and NHP. We quanti-
fied the respective product signal area for NHP-OGlc and SAG
via UPLC-nanoESI-QTRAP-MS, resulting in KM(NHP)
= 191± 14mM and KM(SA) = 75± 2mM (Figure 6, D and E)
and a catalytic efficiency (kcat/KM) of kcat/KM(NHP) = 0.122 s–1

mM–1 as well as kcat/KM(SA) = 0.308 s–1 mM–1. The data sug-
gest that the glycosylation of SA by UGT76B1 is �2.5-fold
more efficient than the glycosylation of NHP. We further inves-
tigated the site of glycosylation by mass spectrometry (MS)-
fragmentation studies on enzymatically produced (in vitro)
and in planta NHP-OGlc (Figure 6, F and G), which have
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Figure 3 UGT76B1 loss-of-function mutant plants are unable to synthesize NHP-OGlc. Absolute amounts of NHP, NHP-OGlc, SA, and SAG in
wild-type (Col-0), fmo1-1, and ugt76b1-1 plants after infection with P.s.m. (A) or UV treatment (B). Three leaves of 6-week-old plants, grown under
short-day conditions (8-h light period), were infiltrated with P.s.m. at OD600 = 0.05 in 10 mM MgCl2 (P.s.m.) or with 10 mM MgCl2 (mock).
Twenty-four hpi, leaves were harvested and analyzed using UPLC-nanoESI-QTRAP-MS. Plants grown under long-day conditions (16-h light period)
were treated for 20 min with UV-C. Twenty-four hours post-UV-C treatment, leaves were harvested and analyzed using quantitative UPLC-
nanoESI-QTRAP-MS with authentic internal standards. Data represent the absolute amount of analyte in nmol/g fresh weight (f.w.). Error bars
represent standard deviation. Letters indicate statistical differences (P5 0.05, one-way ANOVA; n = 3). Replicates represent individual pools of 4–
6 leaves from six plants per condition. The results were confirmed by a second independent experiment.
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identical RTs in our chromatographic separations. The
fragmentation analysis of both show dominant fragments
for m/z 146.081 [M-Glc + H2O + H] + , m/z 128.070 [M-
Glc + H] + , and m/z 100.075 [M-Glc + H2O-CO2 + H] +

(Figure 6, F and G). The additional low abundant analyti-
cal fragment of m/z 262.127 represents an NHP-OGlc
fragment [M-CO2 + H] + which has lost the carboxy
group, however, it has the glucose moiety still attached
via the ether-bond. This indicates that UGT76B1 catalyzes
the O-glycosylation mechanism in vitro and in vivo.
Together, our in vitro analysis shows that the purified re-
combinant UGT76B1 was active toward NHP, SA, and
ILA. In addition, we show that UGT76B1 O-glycosylates
NHP by producing NHP-OGlc.

We further analyzed active site residues in enzymes capa-
ble of glycosylating SA (UGT74F1 and UGT74F2) and com-
pared them with the UGT76B1 protein sequence
(Supplemental Figure S5a). In addition, we made an in silico
structural prediction of UGT76B1 using the deposited struc-
ture of UGT74F2 (PDB accession 5V2J) (George Thompson
et al., 2017) and modeled NHP in the electron density of
the co-crystalized SA-analog 2-bromobenzoic acid
(Supplemental Figure S5, b and c). Some residues such as

histidine at position 20 (His20) and aspartic acid at position
109 (Asp109) that have been shown to be important for the
formation of SAG and SGE are conserved in all three UGTs
(Supplemental Figure S5a) (George Thompson et al., 2017).
However, two threonine residues involved in the glycosyla-
tion of SA in UGT74F2 are substituted by leucine at position
17 and glycine at position 363 (Supplemental Figure S5, a
and c). Nevertheless, we identified a threonine at position
131 in a predicted loop region, which might compensate for
the lack of Thr17 and Thr363 in the catalytic reaction
(Supplemental Figure S5, a and c). These findings support
our experimental data that the minimum subset of amino
acids for fulfilling the glycosylation reactions on SA and
NHP are present in UGT76B1’s putative active site.

Deuterated NHP is translocated to distal tissue
NHP is the biological active metabolite of Pip in plant de-
fense, especially in SAR (Chen et al., 2018; Hartmann et al.,
2018). Nevertheless, it is still an open question whether NHP
or NHP-OGlc might act as a mobile signal in SAR (Chen
et al., 2018; Holmes et al., 2019). To address this question,
we infiltrated uniformly deuterated NHP (D9-NHP) into
leaves of Col-0, fmo1-1, and ugt76b1-1 plants. Twenty-four
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Figure 4 Rescue of ugbt76b1 mutant phenotypes by introduction of the fmo1-1 mutation. A, Growth of H. a. Noco2 on wild-type (Col-0), fmo1-1,
FMO1-3D, ugt76b1-1, ugt76b1-3, ugt76b1-4, fmo1-1 ugt76b1-40, fmo1-1 ugt76b1-104, and fmo1-1 ugt76b1-5 plants. Two-week-old seedlings were
sprayed with H.a. Noco 2 spore suspension (5 � 104 spores/mL). Infection was scored 7 days after infection. Error bars represent standard devia-
tion. Letters indicate statistical differences (P5 0.05, one-way ANOVA; n = 4). Each replicate represents the spore count on a single plant. B, Basal
PR1 gene expression in 4-week-old plants of the indicated genotypes determined via quantitative RT-PCR. Error bars represent standard deviation.
Letters indicate statistical differences (P5 0.05, one-way ANOVA; n = 3). Replicates represent a pool of 4–6 leaves per genotype. C, Growth phe-
notypes of Col-0, fmo1-1, ugt76b1-1, ugt76b1-3, ugt76b1-4, and fmo1-1 ugt76b1-5. Photographs are of 4-week-old plants grown under long-day con-
ditions (16-h light/8-h dark cycle). Scale bar is 1 cm.
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hours post-infiltration, local as well as systemic leaves were
harvested. First, the formation of D9-NHP-OGlc from the in-
filtrated D9-NHP in the local leaves of Col-0, fmo1-1, and
ugt76b1-1 plants was monitored by qualitative UHPLC-
HRMS. As expected, the applied D9-NHP was converted to
D9-NHP-OGlc in the local leaves of wild-type and fmo1-1
plants, but no D9-NHP-OGlc was detected in ugt76b1-1
plants (Figure 7). Accordingly, the relative signal area of D9-
NHP was two times higher in the local leaves of ugt76b1-1
plants in comparison to Col-0. Further analysis showed that
D9-NHP was present in systemic tissue of the three geno-
types Col-0, fmo1-1, and ugt76b1-1, whereas D9-NHP-OGlc
was only detected in Col-0 and fmo1-1 plants. This indicates
that D9-NHP can move to distal tissues without
glycosylation.

ugt76b1 plants exhibit enhanced resistance in
systemic tissue
Next, we analyzed whether ugt76b1-1 can still establish SAR
without the accumulation of NHP-OGlc by conducting an
H.a. Noco 2 growth assay on plants pre-treated with P.s.m.

(Figure 8). Establishment of SAR strongly reduces the disease
rate of distal leaves (indicated as disease categories from 0
to 5) during a second infection with H.a. Noco 2, as shown
for Col-0 plants (Figure 8A). Plants mock treated on the pri-
mary leaf showed high infection rates, indicated by disease
categories of four and five on the systemic leaves after plant
H.a. Noco 2 infection. For ugt76b1-1 plants, infection on the
systemic leaves was reduced to minimum (disease category
0) regardless of whether they were pre-induced with P.s.m.
or not. These disease rates were as low as those known for
the FMO1-3D mutant. In contrast, fmo1-1 plants are not
able to establish SAR and therefore show an increased sus-
ceptibility to H.a. Noco2, as known from the literature (Ding
et al., 2016). This finding indicates that the distal parts of
ugt76b1-1, regardless of a primary infection, exhibit en-
hanced resistance toward H.a. Noco 2. This is consistent
with results from our local H.a. Noco 2 infection assays for
the ugt76b1 lines (Figure 4A). In an independent approach,
we analyzed the resistance of ugt76b1-1 to a secondary in-
fection by P.s.m.. As expected, Col-0 established SAR after
primary infection, fmo1-1 plants were not able to establish
SAR, and FMO1-3D showed a constitutive SAR phenotype
(Figure 8B). Nevertheless, ugt76b1-1 exhibited reduced bacte-
rial growth in distal leaves of both mock and P.s.m.-treated
samples. Together, these data suggest that ugt76b1-1 dis-
plays constitutive resistance toward pathogens.

Discussion
The identification of FMO1 as an NHP biosynthetic enzyme
was a major breakthrough toward the understanding of Pip-
mediated plant immunity and its involvement in the estab-
lishment of SAR (Chen et al., 2018; Hartmann et al., 2018;
Holmes et al., 2019). In addition, NHP-OGlc was recently de-
scribed as a metabolite of NHP (Chen et al., 2018). However,
the enzyme catalyzing the formation of NHP-OGlc was un-
known. In this study, we identified UGT76B1 as the enzyme
responsible for the glycosylation of NHP in vivo and
in vitro—in addition to its previously identified substrates
SA and ILA. Besides its glycosyltransferase activity toward
NHP in vitro, we show that UGT76B1 is required for the for-
mation of NHP-OGlc in planta during pathogen infection.
The absence of UGT76B1 leads to a significantly increased
accumulation of the plant immune regulator NHP, and the
complete depletion of NHP-OGlc in ugt76b1 mutant plants.
Our data emphasize UGT76B1 as the only enzyme that O-
glycosylates NHP in planta.

ugt76b1 mutants have been shown to exhibit enhanced
disease resistance against biotrophic pathogens, which was
suggested to be caused by increased accumulation of SA
(Noutoshi et al., 2012). The substrate ILA was recently sug-
gested to activate the immune response via SA by inactivat-
ing UGT76B1 (Bauer et al., 2020). In ugt76b1 mutants,
however, NHP accumulates to considerably higher level than
in the wild-type during pathogen infection, suggesting that
the elevated NHP level, instead, may play a major role in en-
hancing disease resistance in the mutant plants. This is
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Figure 5 Comparisons between transcript levels of ICS1, EDS5, PBS3,
ALD1, FMO1, and UGT74F2 in ugt76b1, and the wild-type. Transcript
abundance of genes encoding SA and NHP biosynthetic enzymes was
analyzed in wild-type and ugt76b1-1 plants after infection with P.s.m..
Three leaves of 4–6-week-old plants were treated with P.s.m.
(OD600 = 0.001). Leaves were harvested 24 hpi and analyzed via RT-
PCR using cDNA generated by reverse-transcriptase reaction as tem-
plates. Error bars represent standard deviation. Letters indicate statisti-
cal differences (P5 0.05, one-way ANOVA; n = 3). Replicates
represent pools of 4–6 leaves of six plants per condition. Graph d
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Figure 6 Glycosylation of SA, ILA, and NHP by UGT76B1 in vitro. Activity assays were carried out using NHP, ILA, and SA as substrates for the re-
combinant UGT76B1. Extracted ion chromatograms of the reaction products (A) NHP-OGlc (m/z 308.1342), (B) ILA-Glc (m/z 293.1240), and (C)
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for 30 min. The reaction was stopped by adding 25% (v/v) acetonitrile. The kinetic constants (KM, kcat, and kcat/KM) of UGT76B1 were determined
for the substrate NHP [coefficient of determination (R2 = 0.996) (D) and SA (R2 = 0.997) (E)], respectively. Mean signal area of the respective
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sured via UHPLC-HRMS-analysis. The results were confirmed by a second independent experiment.
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supported by the complete suppression of the autoimmune
phenotype of ugt76b1 by loss of function of FMO1. The ac-
cumulation of NHP leads to dwarfism as reported for the
FMO1-3D overexpression line. Furthermore, increased NHP
levels lead to enhanced resistance of this mutant (Koch
et al., 2006). In contrast, the plant size increases as the
amount of NHP decreases and its susceptibility toward bio-
trophic pathogens increases (Figures 4 and 8) (Hartmann
et al., 2018). The induction of UGT76B1 by P.s.m. infection
therefore suggests that this gene plays a major role in regu-
lating NHP homeostasis, which seems to be critical to bal-
ance growth and defense in plants.

Although the NHP level is higher in ugt76b1 mutants, the
increased accumulation of SA is most likely due to the re-
duced conversion of SA to SAG rather than the effect of
NHP on the transcript levels of SA biosynthesis genes
(Figure 5). In addition, the FMO1-3D mutant does not accu-
mulate free SA to higher levels than the wild-type and a
lack of NHP does not affect the accumulation of SA in
fmo1-1 plants (Koch et al., 2006; Bartsch et al., 2010). The in-
crease of SA and NHP levels in ugt76b1 mutants suggests
that reduced turnover could be a critical mechanism for in-
creasing the accumulation of SA as well as NHP
(Supplemental Figure S6).

As there are three UGTs described to glycosylate SA, re-
duced accumulation of SAG could also hint at a deregula-
tion mechanism in ugt76b1-1 plants toward the previously
described SA UGTs, especially SAG-forming enzyme
UGT74F1 (Dean and Delaney, 2008; George Thompson
et al., 2017). The increased basal SGE level in ugt76b1-1 has
already been addressed and connected to high basal PR1 ex-
pression (von Saint Paul et al., 2011). However, after infiltra-
tion with P.s.m., transcript levels of PR1 are similar in Col-0
and ugt76b1-1 (Supplemental Figure S3). Furthermore, the
transcript levels of UGT74F2 encoding the SGE forming en-
zyme were similar in the wild-type and ugt76b1-1 mutant.

We conclude that the reported increase of SGE after infec-
tion of ugt76b1-1 is likely caused by the accumulation in
UGT74F2’s substrate SA (Figure 1).

ILA was previously identified as a substrate of UGT76B1
(von Saint Paul et al., 2011); however, it was not identified
as a molecular marker of infection with Pseudomonas in our
nontargeted metabolite fingerprinting approach by UHPLC-
HRMS (Supplemental Dataset 1). We observed neither ILA
accumulation in ugt76b1-1, nor the respective glucoside in
wild-type plants after infection. Although there might be a
chance that our workflow is not sufficient to detect these
compounds in vivo, the intracellular concentration of ILA in
the shoot was quantified to be approximately 2.5 ng/g dry
weight and 7 ng/g dry weight for Col-0 and ugt76b1-1, re-
spectively. Estimating a weight loss of at least 1:10 (m/m)
between dry and fresh weight, the presented amounts of
NHP are a multiple of ILA amounts in the shoot.
Considering the determined KM value of UGT76B1 for NHP
in comparison with the one toward ILA presented earlier
(472± 97mM), we consider ILA of minor importance for the
observed enhanced resistance phenotype (Maksym et al.,
2018). Nevertheless, recent data suggest that ILA fulfills its
role in controlling NHP and SA glycosylation reactions and
therefore has the ability to fine-tune NHP and SA accumula-
tion and their defense amplification loop (Bauer et al., 2020,
2021). This interplay between SA and NHP was additionally
shown by Bauer and colleagues, identifying equally high sus-
ceptibility of the SA-deficient mutant NahG sid2 and NahG
sid2 ugt76b1. These observations suggest that NHP alone is
not sufficient to fulfill a robust defense response. All things
considered, it is most likely that the enhanced resistance
phenotype of ugt76b1-1 is due to increased accumulation of
NHP and SA.

The catalytic efficiency of UGT76B1 toward SA has been
determined to be 2.5-fold higher than for NHP. The deter-
mined catalytic efficiency for SA (kcat/KM = 0.308 s–1 mM–1)
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Figure 7 Infiltrated D9-NHP moves systemically and is converted to D9-NHP-OGlc in wild-type and fmo1-1 but not in ugt76b1-1 plants. Relative
signal areas of D9-NHP and its glucoside D9-NHP-OGlc was analyzed 24 h after infiltration of D9-NHP to local tissue. Local (A) and systemic (B)
leaves were harvested and analyzed by UHPLC-HRMS. Error bars represent standard deviation. Letters indicate statistical differences (P5 0.05,
one-way ANOVA; n = 3). Replicates represent individual pools of 4–6 leaves out of six equally grown and treated plants. The results were con-
firmed by a second independent experiment.
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is twice as high as reported by Noutoshi et al. (2012) (kcat/
KM = 0.15 s–1 mM–1) and �7 times less than reported by
Maksym et al. (2018) (kcat/KM = 2.2 s–1 mM–1). Additionally,
the KM-value for SA determined in this work is two times
lower (KM = 0.075± 0.002 mM) compared to earlier reports
(Noutoshi et al., 2012; Maksym et al., 2018). Nevertheless,
NHP and SA differ in their absolute amount in infected leaf
material (Figure 3, A and B) by several orders of magnitude,
suggesting that NHP is the more accessible and, therefore,
the preferred substrate of UGT76B1. Although an amino
acid sequence comparison of UGT74F1 and UGT74F2 with
UGT76B1 revealed only 26.96% and 26.75% sequence iden-
tity, respectively, two critical residues for glycosylation
(His20 and Asp109) in the putative active site are conserved
among these UGTs (Supplemental Figure S5) (George

Thompson et al., 2017). Interestingly, we were not able to
detect glycosylation of 4-hydroxy benzoic acid (4-OH-BA) by
UGT76B1 either at the hydroxyl group or the carboxyl
group. This suggests that a hydroxyl group in ortho or meta
configuration adjacent to the carboxyl function is important
for optimal binding of the ligand in the active site of
UGT76B1.

The data presented in Figure 6, F and G indicate that
UGT76B1 forms NHP-OGlc via an O-glycosylation reaction.
The analytical fragment of m/z 262.129 is specific for NHP-
OGlc representing [M-CO2 + H] + . The nature of the glyco-
sylation site of NHP at the N-hydroxy group by UGT76B1
was additionally confirmed via TMS-derivatization of NHP
and transiently produced NHP-OGlc in a recent publication
(Holmes et al., 2021). Furthermore, NHP derivatives were
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Figure 8 Growth of H.a. Noco2 and P.s.m. on the distal leaves of wild-type (Col-0), ugt76b1-1, FMO1-3D, and fmo1-1 plants. A, Three-week-old
plants were first infiltrated with P.s.m. (OD600 = 0.001) or 10 mM MgCl2 (mock) on two primary leaves and sprayed with H.a. Noco 2 spores
(5 � 104 spores/mL) 2 days later. Infections on systemic leaves were scored 7 days after inoculation as described previously (Zhang et al., 2010). A
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infected leaf; 4, two leaves were infected with 45 conidiophores on each infected leaf; 5, 42 leaves were infected with 45 conidiophores. Similar
results were obtained in three independent experiments. (B) Four-week-old plants were first infiltrated with P.s.m. (OD600 = 0.001) or 10 mM
MgCl2 (mock) on two primary leaves. Two days later, two upper leaves were challenged with P.s.m. (OD600 = 0.001). Infections on systemic leaves
were scored directly after (0 dpi) and 3 days post-inoculation (3 dpi). Error bars represent standard deviation. Letters indicate statistical differences
(P5 0.05, one-way ANOVA; n = 7–8 biological replicates each representing a single infected plant). The results were confirmed by a second inde-
pendent experiment.
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methylated and analyzed by collision-induced dissociation.
The fragments let the authors conclude that glycosylation
by UGT76B1 results in NHP-OGlc rather than an NHP-OGlc-
ester (Holmes et al., 2021).

From our transport experiments with D9-NHP, we suggest
that native NHP rather than NHP-OGlc might be a mobile
signal that can translocate from the apoplast to the cytosol
and move to distal tissue during the establishment of SAR.
This may be supported by an earlier study in which SAG
was infiltrated into tobacco (N. tabacum) leaves (Hennig
et al., 1993). Here, the authors showed that SAG was hydro-
lyzed in the apoplast to SA and that SA rather than SAG
entered the cell. In addition, other studies support our no-
tion that both NHP and SA are mobile between local and
systemic tissue in Arabidopsis and tobacco (Yalpani et al.,
1991; Chen et al., 2018; Lim et al., 2020). Nevertheless, this
possibility remains a matter of debate, as evidence has also
been presented that SA is not the mobile signal for SAR
(Vernooij et al., 1994a, 1994b). However, the formation of
SAG and NHP-OGlc probably have a central role in inacti-
vating SA and NHP as biologically active molecules, as the
dwarf phenotype of the corresponding mutant suggests
(Figure 4c) (Noutoshi et al., 2012).

Together, our data extend the NHP metabolic pathway
down to NHP-OGlc and illustrate the major importance of
UGT76B1 in metabolic regulation and maintaining the bal-
ance between growth and defense responses.

Materials and methods

Plant materials and growth conditions
Plants used for this work are all in the Arabidopsis thaliana
Col-0 ecotype background. The fmo1-1 and ugt76b1-1
(SAIL_1171_A11) T-DNA insertion lines were obtained from
Nottingham Arabidopsis stock center (NASC; University of
Nottingham) and were described previously (Bartsch et al.,
2006; von Saint Paul et al., 2011). ugt76b1-3 and ugt76b1-4
are independent ugt76b1-1 deletion lines generated by
CRISPR-Cas9 in the Col-0 background, with original lab code
of CRISPR UGT #5 and #17, respectively. Double mutant
lines fmo1-1 ugt76b1-40 and fmo1-1 ugt76b1-104 were gener-
ated by crossing ugt76b1-1 with fmo1-1. In addition, a
CRISPR deletion line of UGT76B1 was generated in the
fmo1-1 background and is referred to as fmo1-1 ugt76b1-5.
The overexpression mutant FMO1-3D was described previ-
ously (Koch et al., 2006). Plants were grown for 4–6 weeks
under short-day conditions (8-h light/18-h dark cycle) with
100–120mmol/m2/s of light intensity at 80% relative humid-
ity unless specified. The used bulb type was MASTER
LEDtube HF 600 mm HO 8W840 T8 (PHILIPS AG,
Amsterdam, Netherlands).

Construction of plasmids for UGT76b1 gene editing
and generation of deletion mutants
Three deletion lines ugt76b1-3, ugt76b1-4, and ugt76b1-5
fmo1-1 (original lab code CRISPR UGT #5, CRISPR UGT #17,
and CRISPR UGT in fmo1 #1, respectively) were generated

by the CRISPR/Cas9 system as described (Xing et al., 2014).
Two single guide RNAs were designed to target UGT76B1
genomic DNA to generate a approximately 1,000-bp dele-
tion. The PCR fragment containing the guide RNA sequen-
ces was amplified from the pCBC-DT1T2 vector with
primers 3G11340-BsFF0 and 3G11340-BsRR0 and subse-
quently inserted into the pHEE401 vector using the BsaI site.
The derived plasmid was transformed into E. coli and later
Agrobacterium by electroporation. Col-0 and fmo1-1 plants
were transformed with the Agrobacterium carrying the plas-
mid by floral dipping (Clough and Bent, 1998). T1 plants
were screened for deletion mutants by PCR with primers
listed in Supplemental Table S1. Homologous deletion
mutants were obtained in the T2 generation.

Elicitation of defense response by UV-C and P.s.m.
Plants were treated for 20 min with UV-C radiation in a ster-
ile bench (Telstar Bio-II-A, Azbil Telstar Technologies,
Barcelona, Spain). The sterile bench was pretreated with
UV-C for 20 min prior to radiating the plants. Untreated
control plants and the UV-C-treated plants were harvested
24 h later. Infection of plants was conducted by infiltrating
plant leaves with P.s.m. ES4326 at OD600 = 0.05 in 10 mM
MgCl2, if not stated otherwise, to induce defense. The bacte-
ria were grown in LB medium with Rifampicin (50mg/mL). In
the D9-NHP tracking experiment, 82mg/mL of chemically
synthesized D9-NHP was added to the infiltration solution.

Metabolite extraction
Leaves were harvested 24 hpi and frozen in liquid nitrogen.
The samples were ground under liquid nitrogen using
Retsch 200 MM (Retsch, Haan, Germany). Ground material
was weighed and extracted after a modified methyl-tert-bu-
tyl ether (MTBE) extraction (Feussner and Feussner, 2019).
When metabolite quantification was desired, deuterium-
labeled D9-NHP and D6-SA and isotopically labeled 13C-SAG
were added prior to extraction. The labeled compound
served as a reference throughout the quantitative analysis.

UPLC-nanoESI-QTRAP-MS-based metabolite
quantification
Absolute quantification of NHP, NHP-OGlc, SA, and SAG
was performed according to a method previously described
with the following modifications (Herrfurth and Feussner,
2020). About 100 mg of flash-frozen leaf tissue was ground
and subjected to MTBE extraction, including the addition of
50 ng D9-NHP (kindly provided by Prof. Ulf Diederichsen,
Goettingen, Germany), 10 ng D4-SA (C/D/N Isotopes Inc.,
Pointe-Claire, Canada), and 50 ng 13C6-SAG (kindly provided
by Prof. Petr Karlovsky, Goettingen, Germany). For triple
quadrupole linear ion trap (QTRAP)-MS detection, multiple
reaction monitoring (MRM) transitions were analyzed as
shown in Supplemental Table S2. For quantification, the sig-
nal area of each respective authentic standard was com-
pared to the signal area of the analyte of the biological
sample. Signals were analyzed in this study when the signal
to noise ratio was 420. Furthermore, the determination
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underlies the previously conducted calibration and technical
optimization for each compound. Calibration was carried
out using nine data points of varying concentrations for SA,
SAG, and NHP-OGlc (Supplemental Figure S7, a, b and d). In
the case of NHP, calibration was carried out using six data
points, due to detection limitations in the low concentra-
tion range (Supplemental Figure S7c). Signals were used for
calibration purposes when the minimal signal to noise ratio
was 48. We determined the limit of detection as for SA
(0.007 nmol), SAG (0.003 nmol), NHP (0.034 nmol), and
NHP-OGlc (0.003 nmol). The limit of quantification was de-
termined at a signal to noise ratio of eight in plant extract
matrices for SA (0.013 nmol/100 mg), SAG (0.7 nmol/
100 mg), NHP (1.03 nmol/100 mg), and NHP-OGlc
(0.05 nmol/100 mg). D9-NHP was synthesized as described
previously (Hartmann et al., 2018). Synthesized NHP was
characterized via tandem MS (MS/MS) fragmentation
(Rekhter et al., 2019a). The fragmentation behavior underly-
ing the MRM transitions of NHP-OGlc were analyzed after
thin-layer chromatographic purification of enzymatically pro-
duced NHP-OGlc using UGT76B1. As stationary phase, a
TLC silica gel 60 (Merck KGaA, Darmstadt, Germany) was
used in combination with butanol:water:acetic acid (4:1:1, v/
v/v) as the solvent system (Song, 2006). Purified NHP-OGlc
was extracted from the silica gel with MTBE corresponding
to the extraction procedure as described (Herrfurth and
Feussner, 2020). Successful purification of enzymatically pro-
duced NHP-OGlc was checked via nontargeted UHPLC-
HRMS. The purified NHP-OGlc was quantified by direct
infusion-MS with respect to SAG (kindly provided by Prof.
Petr Karlovsky, Goettingen, Germany).

UHPLC-HRMS-based metabolite fingerprint analysis
Metabolites were extracted from 100 mg leaf material by
two-phase extraction with MTBE, methanol, and water
according to Feussner and Feussner (2019). Metabolite fin-
gerprint analysis of the metabolites of the polar extraction
phase was performed with the UHPLC1290 Infinity (Agilent
Technologies, Santa Clara, CA, USA) coupled to an HRMS
instrument (6540 UHD Accurate-Mass Q-TOF, Agilent
Technologies, Santa Clara, CA, USA) with Agilent Dual Jet
Stream Technology as electrospray ionization (ESI) source
(Agilent Technologies, Santa Clara, CA, USA). For chromato-
graphic separation, an ACQUITY HSS T3 column
(2.1 � 100 mm, 1.8 lm particle size, Waters Corporation,
Milford, MA, USA) was used with a flow rate of 500mL/min
at 40�C. The solvent systems A (water, 0.1% (v/v) formic
acid) and B (acetonitrile, 0.1% (v/v) formic acid) were used
for the following gradient elution: 0–3 min: 1–20% B; 3–
8 min: 20–97% B; 8–12 min: 100% B; 12–15 min: 1% B. The
quadrupole time of flight (QTOF) MS instrument was used
in a range from m/z 50 to m/z 1700 with a detection fre-
quency of 4 GHz, capillary voltage of 3000 V, and nozzle and
fragmentor voltage of 200 and 100 V, respectively. The
sheath gas was set to 300�C, and gas to 250�C. The gas flow
of drying gas was set to 8 L/min and sheath gas to 8 L/min,
respectively. Data were acquired with Mass Hunter

Acquisition B.03.01 (Agilent Technologies, Santa Clara, CA,
USA) in positive as well as ESI mode. For data deconvolu-
tion, the software Profinder B.08.02 (Agilent Technologies,
Santa Clara, CA, USA) was used. For further data processing,
statistics, data mining, and visualization, the tools of the
MarVis-Suite (Kaever et al. 2015, http://marvis.gobics.de/)
were applied. Overall, 448 metabolite features (307 features
from positive and 141 features from negative ESI mode)
with an FDR5 0.005 were selected and clustered by means
of one-dimensional self-organizing maps. The accurate mass
information of the metabolite features was used for metabo-
lite annotation (Kyoto encyclopedia of genes and genomes
[KEGG], http://www.kegg.jp and BioCyc, http://biocyc.org,
in-house database). The chemical structure of the indicated
metabolites was confirmed by LC-HRMS/MS analyses (NHP:
[M + H] + 146.080, 128.070, 110.06, 100.076, 82.065, 70.065,
and 55.055 (Rekhter et al., 2019b); NHP-OGlc: [M + H] +

308.132, 146.081, 128.0705, 110.06, 100.076, 82.062, 70.065,
and 55.055 (Rekhter et al., 2019b); SA: [M–H]– 137.025 and
93.035 (METLIN, https://metlin.scripps.edu/), MID3263);
SAG: [M–H]– 299.0719, 137.024, and 93.035; Pip: [M + H] +

130.086, 84.081, 70.065, and 56.050 (Ding et al., 2016); 2HNG:
[M–H]– 216.051, 172.062, 128.072, and 86.025 (Rekhter et al.,
2019b) and SGE: [M–H]– 299.078, 137.024, and 93.035). The
results were confirmed by two independent experiments
with three biological replicates each.

RNA extraction, reverse transcription, and qPCR
Plants for gene expression assays were grown on soil under
long-day (16-h light) conditions. Three leaves of 4-week-old
plants (�50 mg) were collected for RNA extraction using an
EZ-10 Spin Column Plant RNA Miniprep Kit (Bio Basic Inc.,
Toronto, Canada). RNAs were then reverse transcribed into
cDNAs by OneScript Reverse Transcriptase (Applied
Biological Materials Inc., Richmond, Canada). qPCR was per-
formed with cDNAs using SYBR Premix Ex TaqTM II (Takara,
Shiga, Japan). For pathogen-induced gene expression assays,
plants were grown under short-day (12 h light) conditions.
Three leaves of 4–6-week-old plants were infiltrated with
P.s.m. (OD600 = 0.001). Leaves were harvested at 24 hpi and
analyzed via the process described above. Primers for qPCR
are listed in Supplemental Table S1.

Heterologous protein expression and purification
His-tagged UGT76B1 was purified via a combination of
methods described recently (Maksym et al., 2018; Haroth
et al., 2019). UGT76B1 (AT3G11340, GenBank Accession
Number Q9C768.1) was amplified from total cDNA derived
from infected leaf tissue and cloned into the pET28a vector
(Merck, Darmstadt, Germany) using the BamHI and SalI re-
striction sites. The plasmid containing the UGT76B1 gene
was transformed into BL21 Star (DE3) cells (Thermo Fisher
Scientific, Waltham, MA, USA) by heat shock. Cell cultures
were grown in auto-induction medium (Studier, 2005) at
16�C for 4 days. Cell pellets of a 1 L culture were resus-
pended in lysis buffer (50 mM Tris/HCl pH = 7.8, lysozyme,
DNAseI, and 0.1 mM PMSF). After homogenization, cells
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were disrupted by ultrasonication. Cleared lysate was
obtained by centrifugation at 25,000 �g for 45 min at 4�C.
The recombinant protein was purified from the cleared ly-
sate using a combination of metal affinity chromatography
using nickel-affinity (GE Healthcare, Chicago, IL, USA) and
size exclusion chromatography using 16/600 Superdex 75
prep grade columns (GE Healthcare, Chicago, IL, USA).

Liquid chromatography (LC)-MS-based activity assay
and in vitro kinetics
UGT76B1 recombinant protein was incubated with sub-
strates NHP, SA, and ILA for 30 min at 30�C. The reaction
was stopped by the addition of 20% acetonitrile. Samples
were analyzed using a 1290 Infinity UHPLC system coupled
to a 6540 UHD Accurate-Mass Q-TOF (Agilent
Technologies, Santa Clara, CA, USA) as previously described
(Feussner and Feussner, 2019). Kinetic parameters of
UGT76B1’s substrates NHP, SA, and ILA were analyzed as
described under UPLC-nanoESI-QTRAP-MS-based metabolite
quantification. The reaction mixture contained 3.5-mg
UGT76B1, 2 mM UDP-Glc (Merck, Darmstadt, Germany),
and 0–2.5 mM substrate. Before incubation with UGT76B1,
the initial amount of substrate was determined for analysis
of substrate reduction. The reaction was incubated for
15 min at 30�C and stopped by the addition of methanol.
The difference in signal intensity of substrate was plotted
for each substrate and concentration. The KM was deter-
mined via Hill regression analysis using OriginPro version 8.5
(OriginLab Corporation, Northampton, MA, USA).

Pathogen infection assay and SAR assay
Basal resistance against H.a. Noco 2 was tested by spray-
inoculating 2-week-old seedlings with spore solution (50,000
spores/mL). Inoculated seedlings were covered with a trans-
parent lid and grown in a plant chamber with a relative hu-
midity of �80%. Infection was scored at 7 dpi by counting
conidia spores with a hemocytometer.

Induction of SAR against H.a. Noco 2 was performed by
infiltrating two full-grown leaves of 3-week-old plants with
P.s.m. ES4326 (OD600 = 0.001) or 10 mM MgCl2 (mock). Two
days later, plants were sprayed with H.a. Noco 2 spore solu-
tion (50,000 spores/mL). Infection on distal leaves was
scored at 7 dpi as described previously (Ding et al., 2016).

Induction of SAR against Pseudomonas was tested by infil-
trating P.s.m. ES4326 (OD600 = 0.001) or 10 mM MgCl2
(mock) on two leaves of 4-week-old plants grown under
short-day conditions. Two days later, two distal leaves were
challenged with P.s.m. ES4326 (OD600 = 0.001). Infection was
scored at both 0 and 3 dpi by measuring the bacterial titer
in the distal leaves.

Structural prediction and ligand docking
The crystal structure of UGT74F2 (George Thompson et al.,
2017), co-crystalized with SA-analog 2-bromobenzoic acid,
UDP, 3-O-b-D-glucopyranosyl-b-D-glucopyranose, and b-D-
glucose (PDB ID 5V2J) was used for structural prediction of
UGT76B1. The structural prediction of UGT76B1 was done

using PHYR2Protein (Kelley et al., 2015). NHP was fit into
the electron density of SA-analog 2-bromobenzoic acid using
Coot (Emsley and Cowtan, 2004). Figures were created and
distances were measured using PyMol (Schrödinger LLC,
New York, NY, USA).

Statistical analysis
Statistical analyses were performed using Origin Pro version
8.5 and Origin 2020 (OriginLab Corporation, Northampton,
MA, USA). Results of the one-way-analysis of variance
(ANOVA) calculations is provided in the Supplemental
Dataset 2.

Accession numbers
Further deposited information can be found in The
Arabidopsis Information Resource database under the acces-
sion numbers: AT3G11340 (UGT76B1) and AT1G19250
(FMO1). Mass spectrometric data of the underlying study
have been deposited to Metabolights public repository
(Haug et al., 2020) under the study MTBLS2334.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. CRISPR deletion mutants of
UGT76B1 are unable to synthesized NHP-OGlc after UV-
treatment.

Supplemental Figure S2. fmo1-1 ugt76b1-1 double loss-
of-function mutant plants synthesize neither NHP nor NHP-
OGlc after UV-treatment.

Supplemental Figure S3. Transcripts levels of PR1 and
PR2 after infection with P.s.m. in ugt76b1 and wild-type.

Supplemental Figure S4. Purification of UGT76B1 heter-
ologously expressed in E. coli.

Supplemental Figure S5. Modeling of NHP into the SA-
analogs electron density in the predicted in silico UGT76B1
model.

Supplemental Figure S6. Transcripts of UGT76B1 were
not present in the mutant.

Supplemental Figure S7. Calibration linearity as basis for
quantification of SA, SAG, NHP, and NHP-OGlc.

Supplemental Table S1. List of primers used in this work
Supplemental Table S2. MRM parameters for absolute

quantification of analytes.
Supplemental Dataset 1. Data matrix of 448 high-quality

metabolite features (FDR5 0.005) obtained by metabolite
fingerprinting (UHPLC-HRMS analysis) of mock and p.s.m.
infected Col-0 and ugt76b1 plants.

Supplemental Dataset 2. ANOVA results underlying fig-
ure assignments.
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Bernsdorff F, Döring AC, Gruner K, Schuck S, Bräutigam A, Zeier
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Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

 

Supplemental Figure 1. CRISPR deletion mutants of UGT76B1 are unable to synthesize NHP-OGlc 
after UV-treatment. Supports Figure 3. Absolute amounts of NHP, NHP-OGlc, SA and SAG were 
determined in wild type, ugt76b1-3 and ugt76b1-4 after UV-C treatment. Plants grown under long day 
conditions (16 hours light period), were treated for 20 min with UV-C or left untreated as control. Twenty-
four hours post treatment, leaf material was harvested and analyzed using quantitative UPLC-nanoESI-
QTRAP-MS. Error bars represent standard deviation. Letters indicate statistical differences (p < 0.05, one-
way ANOVA; n=3). Replicates represent a pool of 4–6 leaves of 6 plants per condition. 
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Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

 

Supplemental Figure 2. fmo1-1 ugt76b1-1 double loss-of-function mutant plants synthesize neither 
NHP nor NHP-OGlc after UV-treatment. Supports Figure 4. Absolute amounts of NHP, NHP-OGlc, SA 
and SAG were determined in wild type and two independent fmo1-1 ugt76b1 lines after UV-C treatment. 
Plants grown under long day conditions (16 hour light period), were treated for 20 min with UV-C or left 
untreated as control. Twenty-four hours post treatment, leaf material was harvested and analyzed using 
quantitative UPLC-nanoESI-QTRAP-MS. Error bars represent standard deviation. Letters indicate 
statistical differences (p < 0.05, one-way ANOVA; n=3). Replicates represent a pool of 4–6 leaves of 6 
plants per condition. 
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Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

 

Supplemental Figure 3. Transcript levels of PR1 and PR2 after infection with P.s.m. in ugt76b1 and 
wild type. Supports Figure 5. Relative amount of transcripts of PR1 and PR1 was analyzed in wild type and 
ugt76b1-1 plants after infection with P.s.m. ES4326. Three leaves of 4-6 week-old plants were treated with 
P.s.m. ES4326 (OD600=0.001). Leaves were harvested 24 hours post infiltration and analyzed for the level 
of transcripts via qPCR. Error bars represent standard deviation. Letters indicate statistical differences (p < 
0.05, one-way ANOVA; n=3). Replicates represent a pool of 4–6 leaves of 6 plants per condition. 
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Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

 

Supplemental Figure 4. Purification of UGT76B1 heterologously expressed in E. coli. Supports Figure 
6. UGT76B1 fused with an N-terminal His-tag was heterologously expressed in E. coli BL21 Star (DE3) 
and purified via a combination of immobilized metal affinity chromatography (IMAC) and size exclusion 
chromatography (SEC). Chromatograms illustrate the absorption at 280 nm in milli absorption units (mAU) 
during protein elution. Secondary y-axes indicate the concentration of elution buffer in % for IMAC or the 
conductivity in mS/cm for SEC. Red areas represent corresponding signals to UGT76B1. The sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel shows the corresponding protein 
marker M, the load L (eluate IMAC) and the elution after SEC. The arrow indicates UGT76B1. The depicted 
purification is representative of at least three independent purifications. 
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Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

 

Supplemental Figure 5. Modeling of NHP into the SA-analogues’ electron density in the predicted in 
silico UGT76B1 model. (supports Figure 6) (a) Protein sequence alignment comparing UGT76B1, 
UGT74F1 and UGT74F2 with  the putative active site residues. Sequence identities are shown in yellow 
and miss matches in red. (b) Predicted model of UGT76B1 complexed with UDP and NHP using the 
deposited PDB structure 5V2J of UGT74F2 complexed with UDP and SA. UDP is shown as magenta balls 
and the modeled NHP is shown as green balls. His20 is shown as sticks. (c) Amino acids histidine (His20), 
aspartate (Asp109) and putatively threonine (Thr131), which may form the proposed catalytic triad by George 
Thompson et al., 2017, are predicted to the active center and in close proximity to the substrate and each 
other in the UGT76B1 model prediction. The structural prediction of UGT76B1 was done by PHYR2Protein 
(Kelley et al., 2015). NHP was fit into the electron density of SA-analogue 2-bromobenzoic acid using Coot 
(Emsley and Cowtan, 2004). Figures were created using PyMol (Schrödinger LLC, USA). 

  

43



Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

 

Supplemental Figure 6. Transcripts of UGT76B1 were not present in the mutant. Supports Figures 1, 2, 
3, 4, 5 and 7. Relative amounts of UGT76B1 transcripts were analyzed in wild type and ugt76b1-1 plants 
after infection with P.s.m. ES4326. Three leaves of 4–6 week-old plants were treated with P.s.m. ES4326 
(OD600=0.001). Leaves were harvested 24 hours post infiltration and analyzed for the level of transcripts via 
qPCR. Error bars represent standard deviation. Letters indicate statistical differences (p < 0.05, one-way 
ANOVA; n=3). Replicates represent a pool of 4-6 leaves of 6 plants per condition. 
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Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

 

Supplemental Figure 7. Calibration linearity as basis for quantification of SA, SAG, NHP, NHP-OGlc. 
Supports Figure 3. Each substance was analyzed at different concentrations to determine the calibration 
linearity of the UPLC-nanoESI-QTRAP-MS-based method. Six to nine data points were collected for each 
compound. The data represent the counts per seconds (cps) of the analyte divided by the cps of the internal 
standard over the concentration dependency in ng of the substance. The data are shown in a log10 scale on 
both axes. n=5 technical replicates of each data point. 
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Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

 

Supplemental Table 1. List of primers used in this work. Information is divided by primer application for 
quantitative PCR analysis, genotyping, and cloning. 

Real time PCR-primers 

Gene ID Forward primer Reverse primer 
AT2G37620 ACT1-F: cgatgaagctcaatccaaacga ACT1-R: cagagtcgagcacaataccg 
AT2G14610 PR1-RT-F2: 

AGGCAACTGCAGACTCATAC 
PR1-RT-R2: 
TTGTTACACCTCACTTTGGC 

AT4G39030  EDS5-F101-RT: 
GCCAAACAGGACAAGAAAGAAG 

EDS5-R102-RT: 
GCCGAAACAATCTGTGAAGC 

AT5G13320 
 

PBS3-F101-RT: 
CTAAGTTCTGGAACTTCTGG 

PBS3-R102-RT: 
CATGACTGAAGCAAAGATGG 

AT2G13810 
 

ALD1-F101-RT: 
TTCCCAAGGCTAGTTTGGAC 

ALD1-R102-RT: 
GCCTAAGAGTAGCTGAAGACG 

AT1G19250 
 

FMO1-F101-RT: 
GGAGATATTCAGTGGCATGC 

FMO1-R102-RT: 
TTTGGTTAGGCCTATCATGG 

AT1G73805  
 

SARD1-RT-NF: 
TCAAGGCGTTGTGGTTTGTG 

SARD1-RT-NR: 
CGTCAACGACGGATAGTTTC 

AT3G11340 11340-RT-F: 
GGATTGTTCTCCGAACCGTTA 

11340-RT-R: 
GTGAGTCTGCCTTAGTCTCTTG 

 

Genotyping primers 

Lines Forward primer Reverse primer 
CRISPR 
ugt76b1 lines 

11340-heter-F: 
GATCGAATCAGCATAATG 

11340-heter-R: 
GTGTCTGATTATGGGAATGC 

CRISPR 
ugt76b1 lines 

11340-homo-F: 
GAATGAAGGATCTTCCATGG 

11340-heter-R: 
GTGTCTGATTATGGGAATGC 

SAIL_1171_A11 SAIL1171A11-tdna-F: 
TCAGGAATCATATTCAACGCC 

SAIL1171A11-tdna-R: 
GCTGAAGACTAAGCGTCATGC 

 

Cloning primers 

Purpose Primer Sequence 
CRISPR-deletion 
(UGT76B1) 

3G11340-BsFF0 ATATATGGTCTCGATTG
TCTTCCCTTTCCCTTTA
CAGTTTTAGAGCTAGAA
ATAGC 

CRISPR-deletion 
(UGT76B1) 

3G11340-BsRR0 ATTATTGGTCTCGAAAC
CTTCCGAGCTCGTCATT
AGCAATCTCTTAGTCGA
CTCTAC 

Heterologous expression  
(UGT76B1) 

UGT76B1 BamHI for acgGGATCCATGGAGAC
TAGAGAAACA 
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Supplemental Data. Mohnike and Rekhter et al. (2021). The glycosyltransferase UGT76B1 modulates 
N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell. 

Heterologous expression  
(UGT76B1) 

UGT76B1 SalI reverse acgGTCGACTTAGAAAG
ACAATATATAAGCA 

 

Supplemental Table 2. Multiple reaction monitoring parameters for absolute quantification of 
analytes. For the presented quantitative plant hormone data we established a multiple reaction monitoring 
analysis of seven additional analytes to the ones published before (Herrfurth and Feussner, 2020). Q1 
(precursor ion), Q3 (product ion) and the retention time (RT) of each analyte are shown, respectively. 
Furthermore, the declustering potential (DP), entrance potential (EP), collision energy (CE) and the cell 
exit potential (CXP) of each compound are provided. 

      
Q1 

(m/z) 
Q3 

(m/z) 
RT 

(min) Analyte 
DP 
(eV) 

EP 
(eV) 

CE 
(eV) 

CXP 
(eV) 

137 93 2 SA -25 -6 -20 -10 
141 97 3 D4-SA -25 -6 -22 -6 
144 82 0.7 NHP -60 -8 -15 -13 
153 90 0.7 D9-NHP -60 -8 -15 -13 
299 137 1 SAG -30 -4 -18 -2 
305 137 1 13C6-SAG -30 -4 -18 -2 
306 89 0.9 NHP-OGlc -65 -4 -18 -13 
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4. Chapter II. - N-hydroxy pipecolic acid methyl ester is 

involved in Arabidopsis immunity 

 

The article was initially submitted in June 2022.  

Additionally, it was published at bioRxiv and can be found online:  

https://doi.org/10.1101/2022.06.03.494702. 
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Highlight 

In this work, we identify N-hydroxy pipecolic acid (NHP) metabolites including methyl ester 

and complex glycosides. The application of methyl ester is able to rescue the disease 

phenotype of the biosynthesis deficient mutant of NHP. 

Abstract 

The biosynthesis of N-hydroxy pipecolic acid (NHP) has been intensively studied, though 

knowledge on its metabolic turnover is still scarce. To close this gap, we discovered three novel 

metabolites via metabolite fingerprinting in Arabidopsis thaliana leaves. Exact mass 

information and fragmentation by mass spectrometry (MSMS) suggest a methylated derivative 

of NHP (MeNHP), a NHP-OGlc-hexosyl conjugate (NHP-OGlc-Hex) and an additional NHP-

OGlc-derivative. All three compounds were formed in wildtype leaves but not present in the 

NHP deficient mutant fmo1-1. The identification of these novel NHP-based molecules was 

possible by a dual-infiltration experiment using a mixture of authentic NHP- and D9-NHP-

standards for leaf infiltration followed by an UV-C treatment. Interestingly, the signal intensity 
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of MeNHP and other NHP-derived metabolites increased in ugt76b1-1 mutant plants. This 

suggests a detour, for the inability to synthesize NHP-O-glucoside. For MeNHP, we 

unequivocally determined the site of methylation at the carboxylic acid function. MeNHP 

application by leaf infiltration leads to the detection of a MeNHP-OGlc as well as NHP, 

suggesting MeNHP-hydrolysis to NHP. This is in line with the observation that MeNHP-

infiltration is able to rescue the fmo1-1 susceptible phenotype against Hyaloperonospora 

arabidopsidis Noco 2. Together these data suggest MeNHP as additional storage or transport 

form of NHP. 

Keywords: Arabidopsis thaliana, infection metabolism, N-hydroxy pipecolic acid methyl 

ester, non-targeted metabolomics, plant immunity, salicylic acid, UV-stress. 

Abbreviations: 1D-SOM: one-dimensional-self organizing map, ALD1: AGD2-LIKE 

DEFENSE RESPONSE PROTEIN 1, BSMT1: BENZOIC ACID/SA METHYL-

TRANSFERASE 1, CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats, 

DHBA: di-hydroxy benzoic acid, EPS1: ENHANCED PSEUDOMONAS SUSCEPTIBILITY 

1, ESI: electrospray ionization, hpUV: hours post ultra-violet light treatment, ICS1: 

ISOCHORISMIC ACID SYNTHASE 1, FMO1: FLAVINE-DEPENDENT 

MONOOXYGENASE 1, MeNHP: N-hydroxy pipecolic acid methyl ester, MeNHP-OGlc: 

MeNHP glycoside, MES: Methyl esterase, MeSA: Salicylic acid methyl ester, MeSAGlc: 

Salicylic acid methyl ester glycoside, MS: mass spectrometry, MTBE: Methyl-tert-butyl 

ether, NHP: N-hydroxy pipecolic acid, NHP-OGlc: NHP glucoside, NHP-OGlc-Hex: NHP 

glucoside hexose, NHP-GE: NHP glycosyl ester, NHPMT: NHP methyl transferase, PBS3: 

AvrPphB SUSCEPTIBLE 3, Pip: Pipecolic acid, P.s.m.: Pseudomonas syringae ES4326, RT: 

retention time, SA: Salicylic acid, S3H: SA-3-hydroxylase, S5H: SA-5-hydroxylase, SABP2: 

SA-binding protein 2, SAG: Salicylic acid glucoside, SARD4: SYSTEMIC ACQUIRED 

RESISTANCE DEFICIENT 4, SGE: Salicylic acid glucoside ester, UGT: UDP-dependent 

glycosyl transferase, UNK: unknown metabolite, UHPLC-HRMS: ultra-high-performance-

liquid-chromatography high-resolution mass spectrometry. 

Introduction  

Plants encounter reduced growth or induce early senescence, if they are unable to maintain a 

balance between growth and defense (von Saint Paul et al., 2011; Zhang et al., 2017). Their 

immune system depends on a tightly regulated and highly dynamic balance of activation and 

inactivation (Karasov et al., 2017; Zeier, 2021). Salicylic acid (SA) and N-hydroxy pipecolic 
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acid (NHP) are two key molecules to concert the defense response against (hemi-)biotrophic 

pathogens (Fu and Dong, 2013; Hartmann and Zeier, 2019). 

In the Brassicaceae model organism Arabidopsis thaliana, SA and NHP are synthesized upon 

pathogen infection. Roughly, 90 percent of SA derive from chorismic acid, which is converted 

via the ISOCHORISMIC ACID SYNTHASE 1 (ICS1) pathway. This pathway features the 

enzymes AvrPphB SUSCEPTIBLE 3 (PBS3) and ENHANCED PSEUDOMONAS 

SUSCEPTIBILITY 1 (EPS1) to synthesize SA (Rekhter et al., 2019; Torrens-Spence et al., 

2019; Wildermuth et al., 2001). NHP derives from L-lysine via the enzymatic route of AGD2-

LIKE DEFENSE RESPONSE PROTEIN 1 (ALD1), SYSTEMIC ACQUIRED RESISTANCE 

DEFICIENT 4 (SARD4) and FLAVINE-DEPENDENT MONOOXYGENASE 1 (FMO1) 

(Fig. 1). Both molecules orchestrate defense signaling including the activation of protective 

measures, such as defense gene expression, and danger signal amplification (Chen et al., 2018; 

Ding et al., 2016; Hartmann et al., 2018; Navarova et al., 2012). In consequence, to prime 

distant leaf tissue for robust defense against secondary stressors, termed systemic acquired 

resistance (SAR) (Chen et al., 2018; Hartmann et al., 2018). 

 

Fig. 1. Biosynthesis route of NHP-metabolites in Arabidopsis. In the plastid, l-lysine (l-Lys) 
is converted by AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALD1) to epsilon-amino-
alpha-keto caproic acid (KAC). Via spontaneous cyclization under water loss of KAC, 
piperidein-2-carboxylic acid (P2C) is formed. A reductase capable to reduce P2C to pipecolic 
acid (Pip) is SYSTEMIC ACQUIRED RESISTANCE DEFICIENT 4 (SARD4). How 
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pipecolic acid is exported from the chloroplast is still elusive. The FLAVINE-DEPENDENT 
MONOOXYGENASE 1 (FMO1) catalyzes N-hydroxylation of Pip, resulting in N-hydroxy 
pipecolic acid (NHP) (Chen et al., 2018; Ding et al., 2016; Hartmann et al., 2018; Navarova 
et al., 2012). NHP was shown to be glycosylated by UGT76B1 to NHP-O-glycoside (NHP-O-
Glc). Furthermore, NHP-glycoside-ester (NHP-GE) was described, but respective enzyme is 
not known (Bauer et al., 2021; Hartmann and Zeier, 2018). Methylation of NHP to NHP-
methyl-ester (MeNHP) was shown as an additional mechanism of NHP-turnover in planta in 
this study. 

Abnormal accumulation of plant defense hormones can lead to phenotypes such as “dwarfism” 

or early senescence (Cai et al., 2021; von Saint Paul et al., 2011; Zhang et al., 2017). One way 

to regulate the cellular concentrations of SA and NHP is by metabolic turnover.  SA is 

glycosylated by a minimum of three UDP-dependent glycosyltransferases (UGTs): UGT74F1, 

UGT74F2 and UGT76B1, forming the SA-glycoside (SAG) (Dean and Delaney, 2008; George 

Thompson et al., 2017; Maksym et al., 2018; Noutoshi et al., 2012). In addition, UGT74F2 was 

shown to produce SA-glycoside-ester (SGE) (Dean and Delaney, 2008; George Thompson et 

al., 2017). Another mechanism of SA turnover is via the 3- and 5-hydroxylation via SA-3-

hydroxylase (S3H) and SA-5-hydroxylase (S5H) (Zhang et al., 2013; Zhang et al., 2017). The 

metabolic products of the reactions are 2,3-di-hydroxy benzoic acid (2,3-DHBA) and 2,5-di-

hydroxy benzoic acid (2,5-DHBA). These molecules themselves can be turned-over by 

UGT76D1 to 2,3- and 2,5-DHBA-glycosides (2,3- and 2,5-DHBA), respectively (Huang et al., 

2018). Arabidopsis plants harboring a mutation in S5H exhibit reduced growth and increased 

defense responses. The s3h s5h double mutant shows further increase in SA levels, reduced 

growth and enhanced resistance compared to wild type plants (Zhang et al., 2017).  

The identification of the S-adenosyl-dependent methyl transferase BENZOIC ACID/SA 

METHYL-TRANSFERASE 1 (BSMT1) and its volatile aromatic-ester product SA methyl 

ester (MeSA) opened novel aspects of defense priming and SAR (Chen et al., 2003; Park et al., 

2007). MeSA has been shown to allow defense priming in systemic leaves and airborne plant-

to-plant communication resulting in acquired immunity in receiver plants (Park et al., 2007; 

Shulaev et al., 1997). Nevertheless, the function of MeSA in Arabidopsis SAR is still under 

discussion. The Arabidopsis bsmt1 mutant plants exhibit a wild type-like SAR response, 

without significant accumulation of MeSA in response to pathogen infection (Attaran et al., 

2009). Additionally, bsmt1 mutants are not compromised in communicating airborne SAR 

induction (Wenig et al., 2019). MeSA can be metabolized to MeSAGlc by UGT73C1 in 

Arabidopsis (Chen et al., 2019).  
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In terms of the SAR mediator NHP, only two products of turnover were described. NHP 

glucosylation was identified in several independent studies resulting in the formation of NHP-

OGlc (Bauer et al., 2021; Cai et al., 2021; Holmes et al., 2021; Mohnike et al., 2021). Bauer 

and colleagues have proposed a second glycoside form, NHP-Glc-ester (NHP-GE) (Bauer et 

al., 2021). Nevertheless, the identification of NHP metabolites may so far be incomplete. Other 

modifications, such as, methylation or amino acid conjugation were not described for NHP yet. 

Here we report infection and UV-C-dependent formation of methylated NHP (MeNHP) 

identified via ultra-high-performance-liquid-chromatography high-resolution mass 

spectrometry (UHPLC-HRMS) metabolome analysis. We confirmed NHP-methylation via D9-

labeled NHP and determined carboxylic acid methylation via a comparison to a synthesized 

authentic MeNHP-standard. Furthermore, we showed that MeNHP is able to rescue the NHP-

deficient phenotype of fmo1-1 mutant plants and reduce oomycete spore growth in Arabidopsis 

thaliana interaction. In addition, we present a dual-infiltration experiment of a mixture of NHP 

and D9-NHP, to identify and to investigate novel metabolites of NHP in a non-targeted manner.  

Material and methods 

Plant material and growth conditions 

Arabidopsis thaliana ecotype Col-0, fmo1-1, ugt76b1-1, fmo1 ugt76b1 (CRISPR ugt76b1-5 in 

fmo1-1) and FMO1-3D were used in this study accordingly (Mohnike et al., 2021). 

Additionally, FMO1-3D  ald1 was used in this study. We obtained nhpmt1-1 (SALK_053006) 

and nhpmt1-2 (SALKseq_135601) mutant plants from SALK Nottingham. Plants were grown 

on steam sterilized soil under short day (8h light/16h dark) or long day (16h light/8h dark) for 

4 and 6 weeks. The light intensity was 100-120 µmol/m2/s and the humidity was 80 % relative 

unless specified. The light source were MASTER LED tubes HF 600mm HO 8W840 T8 

(PHILIPS AG, Amsterdam, Netherlands). 

Pseudomonas infection and UV-treatment  

To induce defense metabolism, plants were treated with Pseudomonas bacteria or UV-C light. 

Pseudomonas syringae strain ES4326 (P.s.m.) were grown in LB-medium with 25µg 

Rifampecin overnight at 28 °C. The culture was pelleted, medium was decanted, and the 

bacteria were suspended in 10 mM MgCl2. Bacteria were diluted to OD600=0.05 and infiltrated 

to the abaxial side of the leaf. As mock treatment control 10 mM MgCl2 were infiltrated to the 

leaf. Plants were incubated for 8, 24, or 48 hours, as stated accordingly in the results section 

and figure legends. UV-C treatment was performed for 20 min in a PrettleTelstar sterile bench 
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as described (Mohnike et al., 2021). Plants were incubated for 24 hours post treatment if not 

stated otherwise. 

Chemical synthesis of MeNHP 

MeNHP was synthesized from methylpipecolinate hydrochloride after a modified procedure 

(de Sousa 2016, Frontiers). See supplemental material for a detailed description of the synthesis 

route, materials and techniques used to gain MeNHP. Additionally we deposited NMR-spectra 

and MS-spectra of the quality control measures. 

Dual infiltration of authentic NHP and D9-NHP standard 

Both 1 mM NHP and D9-NHP, respectively, in 10 mM MgCl2 were co-infiltrated to 3 leaves of 

each individual plant of Col-0, fmo1-1 and ugt76b1-1. As mock treatment 10 mM MgCl2 was 

infiltrated accordingly. Both mock and NHPs infiltrated plants were either kept further 

untreated or were exposed to UV-C radiation for 20 minutes, as described above. Plants were 

incubated for 24 hours post treatment. Samples were harvested and stored in -80 °C until 

extraction with 80 %MeOH. 

MeNHP infiltration for metabolite tracking 

1 mM MeNHP were directly infiltrated to the apical side of the leaf. MeNHP was solved in 

10 mM MgCl2. The infiltrated plants were incubated for 24 hours. Leaves were harvested and 

frozen in liquid nitrogen. The samples were stored at -80 °C. 

MeNHP induced resistance assay 

To investigate the MeNHP induced resistance, ddH2O (mock) or MeNHP at the indicated 

concentrations diluted in ddH2O were infiltrated with a needleless syringe on two full-grown 

leaves of 3-week-old fmo1-1 and Col-0 plants. 24 hours post infiltration, plants were challenged 

with Hyaloperonospora arabidopsidis Noco 2 by spraying a conidiaspore solution at a 

concentration of 50,000 spores/mL. The challenged plants were then grown in a plant chamber 

at 18°C with a relative humidity of 80% under short day cycle (8-h light/16-h dark). Infection 

was scored at 7 days post inoculation as described previously (Ding et al. 2016). In brief, 

infection was scored by the conidiaspore growth on distal leaves with the following rating 

category: Category 5 = more than 5 conidiaspores observed on more than 2 distal leaves, 

Category 4 = more than 5 conidiaspores observed on 2 distal leaves, Category 3 = less than 5 

conidiaspores observed on 2 distal leaves, Category 2 = more than 5 conidiaspores observed on 
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1 distal leaf, Category 1 = less than 5 conidiaspores observed on 1 distal leaf, Category 0 = 

none conidiaspore observed on all distal leaves.  

Extraction of plant metabolites 

Metabolite extracts were generated from frozen leaf material. Leaves were ground under liquid 

nitrogen and weight to 100 mg fresh weight (MTBE, only Fig. 2) or 50 mg (80 % MeOH). The 

MTBE extraction was performed as described earlier (Mohnike et al., 2021). The 80 % MeOH 

extraction was slightly modified of an extraction protocol (kindly communicated by Prof. Dr. 

Armin Djamei). 50 mg ground leaf material were given into 2 mL Eppendorf cups and 800 µL 

of 80% MeOH were added. The samples were vortexed to secure homogenization. Afterwards, 

ultrasonication was applied to the samples two times for each 15 min. The samples were 

centrifuged at 18.000 ×g for 15 min. 700 µL of debris free supernatant were transferred into 

new tubes and evaporated under streaming nitrogen. Metabolites were resolved in 20 % MeOH 

by vortex. The solutions were centrifuged at 18.000 ×g for 10 min prior to LC-analysis to 

remove remaining debris. 80 µL were transferred into the LC-MS vials. 

UHPLC-HRMS-based metabolite fingerprinting 

Metabolite fingerprinting was conducted according to Feussner and Feussner 2019, as 

described in Mohnike et al. 2021 (Feussner and Feussner, 2019; Mohnike et al., 2021). In brief, 

extracted samples were analyzed with the UHPLC1290 (Agilent Technologies, Santa Clara, 

CA, USA) coupled to a HRMS instrument 6540 UHD Accurate Mass Q-TOF (Agilent 

Technologies) with Agilent Dual Jet Stream Technology as electrospray ionization (ESI) source 

(Agilent Technologies). The ACQUITY HSS T3 column (2.1 x 100 mm, 1.8 µm particle size, 

Waters Corporation) was used for chromatographic separation at a flow rate of 500 µL/min at 

40 °C. The solvent system applied A (water, 0.1 % (v/v) formic acid) and B (acetronitrile, 0.1 % 

(v/v) formic acid) were used. The gradient applied was: 0 to 3 min 1 % to 20 % B; 3 to 8 min 

20 %to 97 % B; 8 to 12 min: 100 % B; 12 to 15 min: 1 % B. For technical details were described 

recently (Mohnike et al. 2021). Data were acquired using Mass Hunter Acquisition B.03.01. 

Data deconvolution was performed using Profinder 10.0 (Agilent Technologies). Data were 

processed using MarVis-Suite (Kaever et al., 2015; Kaever et al., 2012; Kaever et al., 2009) 

(http://marvis.gobics.de) or OriginPro2020 (OriginLab Corporation, Northampton, MA, USA). 
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Results 

Identification of MeNHP via metabolite fingerprinting 

Following the hypothesis that molecules of NHP-turnover are missing in fmo1-1 plants, we 

compared Col-0 wild type against fmo1-1 leaves that were infected with P.s.m. The leaf extracts 

were analyzed via UHPLC-HRMS and the obtained dataset was searched for hypothetical NHP-

metabolites based on previously described modifications of SA and JA, for instance, 

hydroxylation, dehydrogenation, decarboxylation and methylation. As proof of concept, the 

dataset was analyzed for Pip, NHP and NHP-OGlc accumulation after P.s.m. treatment. As 

expected, NHP and NHP-OGlc were not detected in fmo1-1 plants (Fig. 2). However, we 

detected exclusively in Col-0 a relative signal intensity with a mass-to-charge ratio (m/z) of 

160.097 in the positive ionization mode and a retention time of 2.63 minutes, which 

corresponds to the mass of methylated-NHP (put. MeNHP). The exact mass of this molecule 

has been calculated with 159.090 Da (C7H13NO3), showing a mass shift of 14.015 Da to NHP. 

This shift is equivalent to a methyl group deriving possibly from methylation of NHP. 

 

Fig. 2. Accumulation of selected FMO1-dependent and independent metabolites in Col-0 and 
fmo1-1 leaves in response to P.s.m. infiltration. A. thaliana plants grown for 6 weeks under 
short-day conditions (8h light/16h dark) were infiltrated with 10 mM MgCl2 (Mock) or 
virulent P. syringae ES4326 strain at OD600= 0.05 in 10 mM MgCl2 (P.s.m.). Infiltrated leaves 
were harvested 24 hours post infiltration, extracted by MTBE-procedure and analyzed via 
UHPLC-HRMS. Data were processed using Profinder 8.0 (Agilent Technologies, Santa Clara, 
CA, USA) and OriginPro2020 (Origin, San Francisco, CA, USA). Relative signal intensities 
of Pip, NHP, NHP-OGlc and putative methyl-NHP (put. MeNHP) are shown. Y-axis has a 
brake between 1x105 and 1.5x105. Bars represent mean values with standard deviation of n=3 
replicates. Letters indicate statistical differences, individually calculated for each metabolite 
(p < 0.05, one-way ANOVA post-hoc tukey-test). Each replicate represents an independent 
pool of nine infiltrated leaves from three plants.  
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MeNHP is a metabolite of NHP and its identity was unequivocally confirmed by authentic NHP-
methyl-ester-standard  

To confirm MeNHP as a metabolite of NHP, therefore, being dependent on functional FMO1, 

we infiltrated labeled D9-NHP into Col-0 and fmo1-1 leaves and measured formation of D9-

MeNHP. Indeed, we detected D9-MeNHP in both Col-0 and fmo1-1 leaves. The labeled 

compound had a retention time shift towards a polar elution compared to MeNHP. Non-labeled 

native MeNHP was again only found in Col-0 leaves (Fig. 3A).  

Next, we developed a strategy for the chemical synthesis of a NHP-methyl-ester standard to 

confirm the identity of MeNHP unequivocally. NHP-methyl-ester was synthesized from methyl 

piperidin (Supplementary File). Additionally, we tried to identify potential methyl transferase 

candidates with publicly available co-expression data files of the NHP-metabolizing enzyme 

UGT76B1 (ATTED II, version 11.0). One gene of interest was AT4G22530 (put. NHP-methyl 

transferase 1 (NHPMT1) which was annotated as S-adenosyl methionine-dependent methyl 

transferase and its expression is NHP-responsive (Yildiz et al., 2021). The cDNA of the gene 

was cloned into a pET28a-expression vector, and the encoded protein was heterologously 

expressed in E. coli, purified to homogeneity, used for an in vitro activity assay with NHP as 

substrate. The reaction was followed by UHPLC-HRMS (Fig. S1). Indeed, the authentic 

MeNHP-standard coeluted with in planta and enzymatically generated MeNHP at a retention 

time of 2.57 min and is presented in the extracted ion chromatogram of m/z 160.097 (Fig. 3B). 

In addition, the fragmentation pattern of the MS/MS-spectra of m/z 160.097 (MeNHP) exhibit 

identical fragments as the in vivo derived MeNHP and the authentic standard. The main 

fragments are m/z 142.08, m/z 127.063, m/z 110.060, m/z 100.076 and m/z 82.065 (mass 

accuracy of ± 2 mDa) (Fig. 3C). The fragment m/z 142.08 represents C7H12NO2
+ after a loss of 

the N-hydroxy function, comparable to NHPs-fragment m/z 127.063 (Fig. S2). Moreover, 

identical fragmentation behavior of MeNHP (C7H13NO3) and NHP (C6H11NO3) is observed by 

fragment ions m/z 110.06, m/z 100.07 and m/z 82.06. First, m/z 110.06 represents C6H8NO+ 

after loss of two hydroxy functions. Second, m/z 100.07 represents the fragment C5H10NO+ 

obtained by the loss of the carboxylic acid function with NHP and methyl carboxylic acid 

function with MeNHP. Last, m/z 82.06 resembles the fragment of the N-containing hetero ring 

structure (C5H8N+, dihydropyridine) after loss of the hydroxyl function and carboxylic acid 

methyl-ester function. Together, the structure of the infection-dependent NHP-derived 

compound MeNHP as NHP-methyl-ester was confirmed.  
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To strengthen the hypothesis that MeNHP is a downstream metabolite of NHP, we investigated 

the influence of ald1 loss-of-function mutation on the occurrence of MeNHP in vivo (Fig. 2d). 

We observed that MeNHP accumulated in Col-0 plants 24 hours post UV (hpUV) stress. Col-

0 control plants and ald1 control, as well as, ald1 UV-treated plants did not show any signal for 

MeNHP 24 hpUV. Moreover, we tested FMO1-3D overexpression lines and FMO1-3D  ald1 

double mutant plants on their basal MeNHP amount (Fig. 3D). We observed a constitutive 

accumulation of MeMHP in the FMO1-3D mutant background, whereas no MeNHP was 

detected in the FMO1-3D ald1 background.  

In conclusion, these data further support that MeNHP is NHP-methyl-ester produced in planta 

downstream of NHP. Mutations in the major biosynthetic genes ald1 and fmo1 lead to absence 

of MeNHP after stress induced biosynthesis. Additionally, we showed that NHPMT1 was able 

to catalyze the formation of MeNHP from NHP and SAM in vitro and therefore, provide 

additional data that confirm exact mass and retention time information from in vivo MeNHP 

and chemically synthesized authentic standard. Whether MeNHP has an influence on plant-

immunity remains to be investigated. It remains to be determined whether additional molecules 

other than MeNHP, NHP-O-Glc and NHP-Glc-ester derive from NHP directly and are present 

in the Pip/NHP molecular network in vivo.  
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Fig. 3. Characterization of N-hydroxy pipecolic acid methyl ester (MeNHP). A Extracted ion 
chromatograms of MeNHP [M+H]+ 160.097 and D9-MeNHP [M+H]+ 169.153 in Col-0, 
fmo1-1 and ugt76b1-1 leaves. Col-0, fmo1-1 and ugt76b1-1 leaves were infiltrated with D9-
NHP. After 24 hours, leaves were harvested, extracted and analyzed by UHPLC-HRMS. B 
Extracted ion chromatograms at [M+H]+ 160.097 of in vivo metabolite extract, synthesized 
authentic NHP-methyl-ester standard, in vitro assay with NHPMT1 and in vitro assay with 
boiled NHPMT1 as control. C Comparison of MSMS-fragments of authentic MeNHP-
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standard and in planta MeNHP. D Relative amount of MeNHP in Col-0, ald1, FMO1-3D and 
FMO1-3D ald1 plants. Col-0 and ald1 plants were kept untreated or treated with UV-C for 
20 min. Plants were incubated for 24 hours before harvesting. FMO1-3D and FMO1-3D ald1 
plants were left untreated before harvesting. Data represents mean of three biological 
replicates for the MeNHP signal (relative signal area) via UHPLC-HRMS analysis. Error bars 
represent standard deviation. Letters indicate statistical differences, individually calculated for 
each experiment (p < 0.05, one-way ANOVA post-hoc tukey-test). 

Identification of NHP-derived metabolites via NHP and D9-NHP leaf infiltration, UV-treatment 
and non-targeted metabolomics  

To confirm the occurrence of the observed NHP-derivative after stress application and to screen 

for additional NHP-derivatives, a non-targeted metabolome experiment was performed as 

another independent line of evidence. We applied NHP and D9-NHP co-infiltration, as well as, 

mock infiltration with 10 mM MgCl2 in leaves of WT, fmo1-1 and ugt76b1-1 plants, 

respectively, and treated the leaves with UV-C afterwards. The aim of this experimental setting 

was to identify all NHP-derived metabolites, by selecting pairwise features with a mass shift of 

9.056 Da (exchange of all 9 hydrogens of the pyridine-moiety by deuterium in NHP) and a 

small retention time shift of < 0.13 min that are enriched after NHP/D9-NHP infiltration, and 

ideally be synthesized in vivo, without external application. In addition, ugt76b1-1 mutant 

plants were included as we hypothesized that other NHP-derived metabolites will accumulate 

as alternative routes for NHP-turnover, when NHP-OGlc cannot be synthesized.  

The non-targeted metabolite fingerprinting identified 1152 metabolite features with a false 

discovery rate (FDR) < 10-5. The representation of these features by pattern-based clustering 

via an one-dimensional-self organizing map (1D-SOM) shows two clusters (Fig. 4, cluster 

number 1 and 2), where metabolites accumulated as consequence of NHP/D9-NHP co-

infiltration. Cluster 1 shows metabolites accumulating after NHPs infiltration in an UGT76B1, 

as well as, UV-C dependent manner. Here three feature pairs were detected with a mass shift 

of 9.056 Da. First, the pair NHP-OGlc/D9-NHP-OGlc was detected in cluster 1, as NHP-OGlc 

is known to be exclusively synthesized by UGT76B1 in vivo. This chemotype cannot be 

restored by external application of NHPs to the ugt76b1-1 mutant plants. Furthermore, NHP-

OGlc accumulated also in those Col-0 samples after UV-stress, where NHP/D9-NHP infiltration 

did not take place. As expected, D9-NHP-OGlc was present in Col-0 and fmo1-1 plants after 

NHPs infiltration. The second pair of features with a mass shift of 9.056 Da has exact masses 

of [M+H]+/[D9M+H]+ 470.185/479.241. The exact mass information and its UGT76B1-

dependancy let us tentatively assign the features as NHP-OGlc-Hex/D9-NHP-OGlc-Hex. 

Subtracting the exact mass of NHP-OGlc ([M+H]+ 308.134) from the molecule of [M+H]+ 
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470.185 results in a fragment of 162.051 Da, which corresponds to a hexose moiety. Since the 

feature pair is exclusively detected in the lines with functional UGT76B1, it strongly suggests 

that UGT76B1 is responsible for the O-glycosylation of NHP required for NHP-OGlc-Hex 

synthesis. In-source fragmentation analysis underlines the compound identity by the detection 

of NHP-OGlc as fragment ion of [M+H]+ 308.134 (Fig. S3). In addition, NHP-OGlc-Hex is 

present in mock infiltrated UV-stressed Col-0 plants, which confirms NHP-OGlc-Hex as a 

native NHP-derivative. The third pair of features in cluster 1 fits to NHP-OGlc/D9-NHP-OGlc 

with an additional C3H3O3-moiety, [M+H]+/[D9M+H]+ 394.132/403.188. It is UGT76B1-

dependent, too, as the molecular features are not present in the ugt76b1-1 background. A small 

amount of NHP-OGlc-C3H3O3 in mock infiltrated, UV-stressed Col-0 plants confirmed that this 

metabolite is a native NHP-derivative. MS/MS-fragment analysis of the unknown molecule 

yielded a fragment of the NHP-backbone of [M+H]+ 308.134, and suggests for an additional 

malonic acid residue of m/z 87.007 as the fragment ion (Fig. S4). Together the MS data led us 

to assign the third feature pair as NHP-OGlc-malonic acid.  

Cluster 2 represents metabolites that enrich in all three genotypes after NHP/D9-NHP 

infiltration, with and without UV-C treatment. Via mass shift search, we detected Pip/D9-Pip 

and NHP/D9-NHP, MeNHP/D9-MeNHP and NHP-GE/D9-NHP-GE as NHP-derived 

metabolites. Pip, NHP and MeNHP accumulated in Col-0 and ugt76b1-1 after UV-stress. In 

contrast, NHP-GE was detected only in ugt76b1-1 after UV-stress in case the NHP/D9-NHP 

mixture was not additional infiltration. Interpretation of the MS/MS-fragment pattern 

confirmed the identity of NHP-GE (Fig. S5).  

Together the experiment expands the number of novel NHP metabolites to MeNHP, NHP-

OGlc-Hex, NHP-OGlc-malonic acid. Furthermore, the conversion of D9-NHP into D9-Pip led 

us to propose a so far unknown additional dehydration reaction. 
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Fig. 4. Co-infiltration of NHP/D9-NHP into Col-0, fmo1-1 and ugt76b1-1 with a subsequent 
UV-C-trigger underlines additional in planta synthesis of NHP-derivates. Into unstressed 
leaves, either mock solution (10 mM MgCl2) or a mixture of 1 mM NHP and 1 mM D9-NHP 
were infiltrated. Plants were kept untreated as control or stressed afterwards for 20 min with 
UV-C light. The plants were incubated for 24 hours in short day conditions before infiltrated 
leaves were harvested. The extracted leaf material was analyzed with UHPLC-HRMS. Data 
was analyzed using Profinder 10.0 (Agilent Technologies, Santa Clara, CA, USA) and 
MarVis (Kaever et al. 2015. Each sample represent an independent pool of 6 infiltrated leaves 
of two plants each. Data are shown in Box-Plots representing mean and standard deviation. 

MeNHP application rescues the susceptibility of fmo1-1 against Hyaloperonospora 
arabidopsidis Noco 2 infection 

To determine the metabolic fate of externally applied MeNHP and to assign its role in plant 

immunity, 0.1 mM MeNHP were infiltrated into leaves of Col-0, fmo1-1 and fmo1-1 ugt76b1 

plants. Inspired by that SA-binding protein 2 (SABP2) and some of its Arabidopsis orthologous 

hydrolyze MeSA to SA, we wondered whether MeNHP is hydrolyzed to NHP in Arabidopsis 

as well (Forouhar et al., 2005; Vlot et al., 2008a). In addition, we aimed to figure out, which 
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other NHP-related metabolites accumulate upon infiltration of MeNHP and whether SA 

biosynthesis is induced by MeNHP or by MeNHP-derived metabolites. Furthermore, the mutant 

fmo1 ugt76b1 was included to identify the origin of MeNHP-OGlc detected in our initial 

experiment described above (Fig. S6). After MeNHP-infiltration, MeNHP was detected in all 

three genotypes (Fig. 5), with a higher signal intensity in fmo1 ugt76b1. A comparable intensity 

pattern was observed for NHP, which was significantly enriched after MeNHP treatment in all 

three backgrounds and accumulated the most in fmo1 ugt76b1, which hints towards hydrolysis 

of the infiltrated MeNHP. Interestingly, the relative amount of Pip increased significantly in 

Col-0, fmo1-1, fmo1 ugt76b1 plants after MeNHP infiltration in comparison to mock treated 

plants. NHP-OGlc was not detected in fmo1 ugt76b1 plants, but significantly accumulates in 

Col-0 and fmo1-1. NHP-GE accumulates in all three backgrounds. Interestingly we identified a 

signal of m/z 322.149, which may represent MeNHP-OGlc. MeNHP-OGlc accumulated 

significantly after MeNHP infiltration independent of UGT76B1. To underline the 

identification, we conducted an enzymatic reaction using purified SAG forming enzyme 

UGT74F1 and were able to reproduce the MeNHP-OGlc signal in vitro (Fig. S6). Furthermore, 

MeNHP treatment resulted in neither a signal increase of SA nor the accumulation of SAG 

compared to mock treatment. Similar data were obtained after spraying MeNHP to Col-0 and 

fmo1-1 plants (Fig. S7). From these results, we conclude that MeNHP can be metabolized in 

the plant after external application. We were able to detect accumulation of Pip, NHP, NHP-

OGlc, NHP-GE and MeNHP-OGlc in Col-0 but more important in fmo1-1 knock-out plants. 
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Fig. 5. MeNHP-infiltration leads to metabolite remodeling including NHP and Pip 
accumulation in fmo1-1 mutant background. Col-0, fmo1-1 and fmo1ugt76b1 were grown in 
short day conditions for 5 weeks. Plants were infiltrated with 10 mM MgCl2 (Mock) or 1 mM 
MeNHP in 10 mM MgCl2 (MeNHP). The plants were incubated overnight and harvested 20 
hours post infiltration. Samples were extracted with 80 % MeOH and measured with UHPLC-
HRMS. Data were analyzed using Qualitative analysis (Agilent Technologies, Santa Clara, 
CA, USA) for relative signal area of the respective compound shown. Relative signal areas of 
MeNHP, SA, SAG, Pip, NHP, NHP-OGlc, NHP-GE and MeNHP-OGlc are shown in mock 
and MeNHP treated Col-0, fmo1-1 and fmo1ugt76b1. Each replicate represents an 
independent pool of 6 infiltrated leaves from two plants. Data represent mean with standard 
deviation. Statistical analysis was done using Origin Pro 2020. Letters indicate statistical 
differences (p < 0.05, one-way ANOVA post-hoc tukey-test). 
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To test whether MeNHP is able to prime defense response in Arabidopsis and further to rescue 

the fmo1-1 infection phenotype, we challenged MeNHP treated fmo1-1 and Col-0 plants with a 

spore solution of H. arabidopsidis Noco 2 and analyzed spore growth on mock or MeNHP 

treated plants (Fig. 6A and B). A concentration gradient of 200 µM, 125 µM, 20 µM and 1 µM 

was applied to individual groups of fmo1-1 mutant plants and spore growth was analyzed in 

comparison to mock treatments (Fig. 6A). We assayed two individual mock treatments against 

either 200 µM and 125 µM or 20 µM and 1 µM MeNHP. With treatment of 200 µM MeNHP, 

69 % of the pathogen growth was assigned to disease category zero (no spore growth), 8 % to 

category one and 23 % to category two. In the respective mock treatment, growth of the 

pathogen was grouped into disease category five at 100 %. The comparison shows reduced 

pathogen sporulation, therefore, lower disease categories with 200 µM MeNHP treatment 

compared to mock. The 125 µM MeNHP treatment resulted in a similar trend of reduced 

pathogen growth. Plants pretreated with 125 µM MeNHP exhibited no spore growth at 15 % 

and disease categories one at 23 %, two at 38 %, three at 8 % and four at 15 %. A comparison 

between 20 µM MeNHP and mock treatment showed a similar trend as above. Spore growth 

on mock treated plants was assigned to disease categories four 7 % and five 93 % of plants, 

whereas spore growth on plants treated with 20 µM MeNHP was grouped into disease 

categories two 53 %, three 7 %, four 27% and five 13 %. At the lowest concentration of 1 µM 

MeNHP 10 % of plants group into category three, 20 % in category four and 70 % of the 

challenged plants group into disease category five. We next applied 200 µM and 125 µM 

MeNHP to Col-0 and fmo1-1 plants, respectively, to compare spore growth of H.a. Noco 2 (Fig. 

6B). Mock treated Col-0 plants group into disease categories five and four. Treatment with 

200 µM MeNHP resulted in no spore growth on Col-0. Treatment with 125 µM MeNHP 

resulted in disease categories zero and one. Mock treated fmo1-1 mutant plants group into 

disease category five. Treatment with 200 µM MeNHP resulted in categories zero, one and two. 

Application of 125 µM MeNHP resulted in spore growth that was grouped into disease 

categories zero, two and three.  

The experiments confirm that the applied MeNHP is metabolized to NHP in Arabidopsis and 

that MeNHP treatment is able to rescue the susceptible phenotype of NHP biosynthesis mutant 

fmo1-1 and to induce resistance in Col-0. Furthermore, MeNHP treatment alone does not lead 

to an increase in signal intensity of SA and SAG, however, the amounts of Pip, NHP, NHP-

OGlc, NHP-GE and MeNHP-OGlc increase significantly. 
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Fig. 6. MeNHP infiltration rescues the fmo1-1 infection phenotype against Hyaloperonospora 
arabidopsidis Noco 2 compared to mock treatment. A Four different concentrations of 
MeNHP (200 µM, 125 µM, 20 µM and 1 µM) were applied to fmo1-1 mutant plants and H. 
arabidopsidis Noco 2 spore growth was assayed compared to individual mock (water) treated 
plants. B  Col-0 and fmo1-1 mutant plants were treated with MeNHP at a concentration of 
200 µM or 125 µM.  H. arabidopsidis Noco 2 spore growth was assayed compared to 
individual mock (water) treated plants. Plants were grouped into disease categories from 5 
(heavy spore growth) to 0 (no spore growth). Disease categories were assigned as following: 
Category 5 = more than two leaves harbor > 5 spores, 4 = two leaves harbor > 5 spores, 
3 = two leaves < 5 spores, 2 = one leaf > 5 spores, 1 = one leaf < 5 spores, 0 = no spores at all. 
n= 10-15 plants per treatment.  

Discussion 

Intact metabolite networks are key to hormonal balance in plants. In this work, we lay out the 

NHP-metabolome by non-targeted UHPLC-HRMS-based metabolomics. For the initial 

approach, a non-targeted dataset of Arabidopsis infection with Pseudomonas was recorded. The 

strategy was to identify NHP-metabolite features based on exact mass information of the sum 

formula. In silico modifications were performed, based on well-known metabolizing reactions, 

such as hydroxylation, methylation and amino acid conjugation. From the sum formula of the 

designed compound, its exact mass was identified and molecular identification was targeted. 

Via both, analysis of P.s.m. infiltrated Col-0 and fmo1-1 mutant plants and dual infiltration of 

NHP/D9-NHP, three molecules of NHP-turnover were identified, namely, MeNHP, NHP-

OGlc-Hex and NHP-OGlc-malonic acid (Fig. 2, 3 and 4). We detected all three metabolites in 

Col-0, however, not in the fmo1-1 mutant background after P.s.m. infiltration or UV-C 

treatment. Moreover, we were able to show that MeNHP is metabolized to NHP and that 
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MeNHP treatment is able to rescue the susceptible phenotype of fmo1-1 mutant plants against 

H. arabidopsidis Noco 2. 

Dual-infiltration as unbiased method to detect undescribed metabolites of NHP 

The dual-infiltration method was developed to overcome detection limitation of minor 

metabolites from native plant extracts and to enable unbiased molecular feature identification, 

independent of a targeted screen. Due to adding both authentic standard and D9-labeled 

authentic standard, the sensitivity to detect NHP metabolites was increased. Especially, the 

specificity to pin down a molecule to be of NHP origin was enhanced. By the distinctive mass 

shift fingerprint and retention time difference, we are able to assign metabolites to NHP-origin. 

Together with the possibility to identify the metabolites in the UV-stressed Col-0 plants, the 

analysis gives a broad picture of the NHP-metabolites. Most importantly, we are able to present 

molecules absent in the fmo1-1 background underlining functional FMO1- and NHP-

dependency. The data acquisition and analysis enclose both ionization modes positive ESI and 

negative ESI. To ensure high quality features, molecules with FDR < 10-5 are included into the 

dataset underlying non-targeted analysis of D9-labled and unlabeled molecular pairs. Yu and 

colleagues published a similar labeling approach to describe the ability of different species to 

metabolize nematode signaling molecules (Yu et al., 2021). The researchers applied ascarosides 

and C13-labeled ascarosides to several organisms to identify their ability to metabolize the 

Nematode derived compounds by product and C13-labeledeld product analysis. Similarly, the 

group chose exact mass and retention time shift as quality measure for unbiased non-targeted 

analysis (Yu et al., 2021). The successful application including metabolic turnover inspired us 

to investigate metabolite mass shifts with our NHP and D9-labeled NHP standard. NHP 

metabolites that have already been described are two glycoside forms NHP-OGlc and NHP-GE 

(Bauer et al., 2021; Chen et al., 2018; Hartmann et al., 2018). Whereas the biosynthesis and 

infection dependency of NHP-OGlc have been characterized independently, the unambiguous 

identification of NHP-GE needs to be underlined and its route of biosynthesis remains unknown 

(Bauer et al., 2021; Cai et al., 2021; Holmes et al., 2021; Mohnike et al., 2021). We tested 

activity of heterologous expressed and purified UGT73D1 against NHP in vitro, however, were 

no NHP-GE synthesizing activity was found (Fig S8.). In our analysis, NHP-GE is favorably 

detected in the ugt76b1 background but of very low to no abundance in Col-0 plants after P.s.m. 

or UV treatment. As proof of the dual-infiltration concept, we showed the expected molecular 

feature pairs of NHP/D9-NHP and NHP-OGlc/D9-NHP-OGlc (Fig. 5). NHP and NHP-OGlc are 

missing in the fmo1-1 mutant background without external application of NHP/D9NHP, but are 
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present when treated with the mixture. Similarly, the MeNHP signal was missing in the fmo1-

1 background and dual-infiltration restored the MeNHP/D9-MeNHP signal, respectively. 

Additionally, we were able to detect UGT76B1-dependent NHP-metabolites, namely, NHP-

OGlc-Hex and NHP-OGlc-Mal. To collect evidence for their molecular structure, we analyzed 

mass spectra of the two compounds. Infiltrated plant metabolite extract was subject to spectra 

analysis. In source fragment ions, underline the identification of NHP-OGlc-Hex as the insource 

fragment m/z 308.134 represent NHP-OGlc (Fig. S3). Fragment spectrum analysis suggests 

malonic acid addition to NHP-OGlc represented by a fragment ion at m/z 87.008 (Fig. S4). 

Malonic acid moieties at glucose residues are for example present at anthocyanin’s (Bloor and 

Abrahams, 2002). Interestingly both molecules are synthesized in vivo after UV-stress without 

the need of additional infiltration. 

Structure elucidation and NHP-dependency of MeNHP synthesis 

The discovery of the molecular feature m/z 160.097, which was underlined by the pairwise 

feature identification in dual-infiltration suggested NHP methylation. Nevertheless, we could 

only rely on the predicted exact mass information of the expected molecular formula that 

resembles MeNHP. NHP-dependency and the site of methylation remained unclear. To 

underline MeNHP detection and to identify its site of methylation, we chemically synthesized 

NHP-methyl-ester from pipecolic acid methyl ester. Due to the specificity of methylation at the 

carboxylic acid function within the MeNHP-standard, we were able to exclude hydroxyl 

methylation. We underline MeNHP as NHP-methyl-ester via retention time and MSMS-

fragment comparison between authentic standard and the in vivo signal (Fig. 3c). Both the 

MeNHP-standard and the in vivo signal exhibit a retention time of 2.57 min, as well as similar 

fragmentation behavior. Their fragment ions m/z 142.08, m/z 127.063, m/z 110.060, m/z 

100.076 and m/z 82.065 are identical and derive from the mother mass m/z 160.097. Especially 

the fragment ions m/z 127.063, m/z 100.076 and m/z 82.065 are identical with NHP-fragments, 

underlining structural similarities and hint towards a NHP-derived molecule (Chen et al., 2018; 

Hartmann et al., 2018). To strengthen the hypothesis that MeNHP is a NHP-derived metabolite, 

we analyzed functional dependency on NHP-biosynthesis. Via analysis of UV-stressed Col-0 

against ald1 or the basal accumulation of MeNHP in FMO1-3D against FMO1-3D ald1 mutant 

plants, the dependency of MeNHP on functional NHP biosynthesis was stressed further 

(Fig. 3d). To support exact mass accuracy and retention time data of MeNHP, we present an in 

vitro reaction of NHPMT1, which produced MeNHP by using NHP as substrate and SAM as 

co-substrate. Both in vivo and in vitro MeNHP compounds behave as authentic standard in 



69 
 

respect to RT and fragmentation pattern. Despite the in vitro activity of NHPMT1 with NHP, 

SALK_053006 (nhpmt1-1), SALKseq_135601 (nhpmt1-2) and nhpmt1-1 ugt76b1-1 mutant 

plants did not show absence of MeNHP signal after UV-treatment. Surprisingly, the signal 

intensity of NHP and MeNHP was increased in the analyzed mutants (Fig. S9, Fig. S10). The 

analysis of nhpmt1 mutant plants raises the question, if redundant MTases exist for MeNHP 

synthesis, or if NHPMT1 shows promiscuous MTase activity with NHP but has no influence 

on in vivo synthesis. 

Physiological implications of NHP-metabolites 

By targeted and non-targeted metabolomics approaches, NHP metabolites were investigated 

and novel candidate molecules are presented. Additionally, we underline the discovery of NHP-

GE by Bauer et al. and present three novel metabolites, which are most likely NHP derived and 

unambiguously FMO1-dependent after P.s.m. infiltration. Independently we present the NHP-

metabolites in a dual infiltration study, tracking the metabolic fate via non-targeted UHPLC-

HRMS metabolomics. However, their physiological implications remain elusive. In contrast to 

the data present by Bauer and colleagues, we detected accumulation of NHP-GE in ugt76b1 

background (Bauer et al., 2021). Furthermore, we describe increased levels of MeNHP in 

ugt76b1-1 mutant plants. Taken together we suggest the carboxy methylation and carboxy 

glycosylation of NHP as alternative route of NHP-turnover, when O-glycosylation is not 

available. 

Nevertheless, the volatile nature of the methylated phytohormones MeJA and MeSA draw our 

attention on MeNHP’s potential to enhance resistance. In analogy to MeSA’s ability to induce 

systemic resistance in tobacco, we investigated the ability of MeNHP to rescue the fmo1-1 

susceptible phenotype towards oomycete pathogen (Hartmann et al., 2018; Park et al., 2007). 

MeSA is proposed to be cleaved by tobacco SABP2 resulting in SA and induced acquired 

resistance (Forouhar et al., 2005; Park et al., 2007). Several methylesterases (MES) are present 

in Arabidopsis that show sequence similarity to the tobacco SABP2, of which MES-1, -2, -4, -

7 and -9 exhibit in vitro activity with MeSA in competition with SA (Vlot et al., 2008b). The 

molecular structure of SA and NHP opens the question, if there is a shared MES capable to 

hydrolyze MeSA and MeNHP in Arabidopsis, similar to their shared mechanism for 

glucosylation by UGT76B1 (Mohnike et al., 2021; Zeier, 2021). In Figure 5, we lay out NHP-

related metabolites accumulated upon infiltration of MeNHP. The data suggest a hydrolysis of 

the externally applied MeNHP to NHP. The external application of MeNHP did not result in 

significant changes to the SA levels, neither in infiltration studies, nor after spray application 
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(Fig. 5, Fig. S7). Afterwards, we infiltrated MeNHP into fmo1-1 mutant plants to investigate 

the potential to enhance disease resistance, especially aiming to rescue the susceptible 

phenotype of the fmo1-1 mutants. We analyzed the spore count of H.a. Noco 2 on Arabidopsis 

leaves pretreated with mock or various concentrations of MeNHP (Fig. 6A, B). The data 

suggests that MeNHP treatment is able to rescues the susceptible phenotype of fmo1-1 mutant 

plants, resulting in reduced spore growth. The enhanced resistance after MeNHP treatment at 

different concentration might be due to the successful conversion of MeNHP to NHP in the 

fmo1-1 background. Furthermore, restoring the NHP pool could be a crucial step to enhance 

disease resistance in the susceptible fmo1-1 mutant background. In addition, MeNHP treatment 

increased Col-0 resistance against H.a Noco 2, too. The applied concentrations ranging from 

200 µM to 1 µM used for infiltration are within the range of similar studies that infiltrated NHP 

to induce defense from 1 mM to 1 µM (Chen et al., 2018; Hartmann et al., 2018). Additionally, 

NHP induces SAR in Arabidopsis in low doses independent from the mode of application 

(Schnake et al., 2020). Two independent studies underlined the potential of NHP to induce 

resistance beyond the scope of Arabidopsis (Holmes et al., 2019; Schnake et al., 2020). The 

successful induction of resistance after application of methylated compounds like MeSA and 

MeJA puts MeNHP in scope for future research in plant-to-plant communication. We suggest 

a sender receiver experiment applying stress to WT and fmo1 mutant plants as sender and 

analyze the NHP chemotype of unstressed fmo1 receiver plants. In the ideal case, the 

experiment would be conducted with a MeNHP synthesis mutant. 

Interestingly we were able to identify another metabolite of MeNHP, when tracking its 

metabolic fate, namely, MeNHP-OHex. This compound is UGT76B1 independent, suggesting 

an UGT able to use MeNHP as substrate, conjugating the glucosylation at the N-hydroxyl 

function. In vitro reaction using UGT74F1 resulted in reproduction of the MeNHP-OGlc signal 

(Fig. 7, Fig. S3). UGT74F1 might be another candidate protein for in vivo biosynthesis of the 

NHP-metabolite. Nevertheless, MeNHP-OGlc was not shown to be a native product in plant 

stress response without external application of MeNHP. Hypothetically, UGT71C3 capable of 

synthesizing MeSA-OGlc may be another interesting candidate protein, due to the similarity in 

structure between MeNHP and MeSA (Chen et al., 2019). We describe that Pip might also be 

a product of NHP-turnover, as not only Pip was accumulating after the dual infiltration of NHP 

and D9-NHP but also D9-Pip. It raises the question for a reaction to remove the N-hydroxylation 

from NHP via, for example, hydrolases or as FMO1-reverse reaction. The observation of NHP 

cleavage may also explain why Pip amounts are still increasing in time-course experiments, 
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when the NHP, NHP-OGlc are already decreasing in signal intensity (Hartmann and Zeier, 

2019). 

An additional mechanism to control hormonal activity is amino acid conjugation. On the one 

hand, conjugation can lead to activation as it is known in the case of JA and isoleucine by the 

enzyme JASMONATE RESPONSE LOCUS 1 (JAR1). The JA-modification by JAR1 results 

in the biological active form JA-Ile (Staswick and Tiryaki, 2004; Suza and Staswick, 2008). On 

the other hand, inactivation can be achieved. One example is the conjugation of aspartic acid 

(Asp) to SA in A. thaliana by GH3.5. The product SA-Asp is supposed to be biological inactive 

and a storage metabolite of SA (Chen 2013). Following the pairwise analysis of labeled and 

unlabeled metabolites, we can exclude the occurrence of NHP-amino acid conjugates in our 

experimental setting. 

Conclusion 

Four novel metabolites were identified via UHPLC-HRMS: MeNHP, MeNHP-OGlc, NHP-

OGlc-Hex and NHP-OGlc-Mal (Fig. 7). The potential of MeNHP to induce defense priming 

was investigated. Further research, however, is required to clarify the role of MeNHP in defense 

response, for example, in plant-to-plant communication. What is more is that metabolites of 

NHP accumulate in ugt76b1 mutants, where an important mode of NHP turnover into NHP-

OGlc is unavailable, suggesting the ability to shuttle NHP into other metabolic pathways to 

certain extent. 
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Fig. 7. NHP turnover in Arabidopsis induced by UV-C and P.s.m. infiltration. The scheme 
concludes the detected metabolic routes of NHP-turnover. In response to UV-C stress and 
P.s.m. infection, Arabidopsis synthesizes Pip and NHP. To reduce cellular NHP levels, it is 
hydrolyzed, glycosylated and methylated. Respective products were shown to be further 
metabolized to complex conjugates, NHP-OGlc-Hex and putatively to NHP-OGlc-malonic 
acid. 
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Fig. S1. SDS-PAGE from ion metal affinity chromatography purification of heterologous 
expressed AT4G22530 (NHPMT1).  

From the left fractions represent marker (M), after expression (aE), pellet (P), lysate (Lys), 
flow through (FT) and combined eluate fractions according to the chromatographic signal of 
the purification at 280 nm absorption.  
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Fig. S2. Collision induced dissociation fragments of MeNHP and NHP. 

Mass spectrometric signals according to MeNHP and NHP from in vivo metabolite extracts 
were subject to collision induced dissociation at 10 eV. Fragments were analyzed with high-
resolution mass spectrometry. A unique fragment of MeNHP was C7H11NO2 with a deduced 
neutral mass of 141.079 Da. This fragment is equivalent to the unique NHP fragment of 
C6H9NO2 with a deduced neutral mass of 127.063 Da. The fragments represent loss of the N-
hydroxy moiety. Identical fragments of both molecules show the formula C6H7NO. It arises 
by loss of two water and has been interpreted as loss of the N-hydroxy groups and loss of 
water derived from the carboxy function of NHP. Next, the fragment of C5H9NO occurs by 
loss of the carboxylic acid group. The fragment of C5H7N derived from loss of carboxylic 
acid and N-hydroxy group).  
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Fig. S3. Insource fragments of NHP-OGlc-Hex and D9-NHP-OGlc-Hex feature pair. 

Mass spectrometric signals according to m/z 470.185/479.242 from in vivo metabolite extracts 
were analyzed on in-source fragmentation. Fragments were analyzed with high-resolution 
mass spectrometry. NHP-Hex and D9-NHP-Hex fragments were identified as in-source 
fragments underlining the identification. 
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Fig. S4. Collision induced dissociation fragments of NHP-OGlc-malonic acid and D9-NHP-
OGlc malonic acid feature pair.  

Mass spectrometric signals according to m/z 394.133/403.2188 from in vivo metabolite 
extracts were subject to collision induced dissociation at 15 eV. Fragments were analyzed 
with high-resolution mass spectrometry. NHP and D9-NHP fragments were identified. 
Additionally, a fragment of m/z 87.007 was identified in both spectra, which could represent a 
malonic acid fragment (inserted spectra). 
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Fig. S5. Collision induced dissociation fragments of NHP-GE. 

Mass spectrometric signals according to m/z 308.134 from in vivo metabolite extract of 
ugt76b1 plants that were soil drenched with 10 mM NHP. The NHP-GE signal was subject to 
collision induced dissociation at 20 eV. Fragments were analyzed with high-resolution mass 
spectrometry. NHP fragments were identified. 
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Fig. S6. Infiltration of MeNHP leads to MeNHP-OGlc formation, which is underlined in vitro. 

10 mM MeNHP were infiltrated to WT and fmo1-1 plants in 10 mM MgCl2 solution. Plants 
were incubated for 24 hours at short day conditions. Leaves were harvested and frozen in liquid 
nitrogen. Metabolite extracts were analyzed by UHPLC-MS. The MeNHP-OGlc signal was 
reproduced in vitro with a reaction of UGT74F1, MeNHP and UDP-Glc.  
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Fig. S7. Metabolite analysis after spray application of MeNHP. 

10 mM MeNHP were sprayed to WT and fmo1-1 plants in 10 mM MgCl2 solution substituted 
with 0.1% Tween 20. Plants were let incubating for two hours in a closed environment. 
Afterwards, lids were removed to guarantee ideal growth conditions and the plants were 
incubated for another 22 hours, in long day conditions in the greenhouse. Leaves were 
harvested and frozen in liquid nitrogen. Metabolites were extracted using 80 % MeOH and 
samples were analyzed by UHPLC-MS. Mean relative signal area is shown for SA, Pip, NHP, 
NHP-OGlc and MeNHP. Error bars indicated standard diviation Letters indicate statistical 
differences (p < 0.05, one-way ANOVA post-hoc tukey-test, n=3). Each replicate represents 
independent pools of 6-8 leaves from three plants. 
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Fig. S8. UGT73D1 is not active with NHP in vitro. 

UGT73D1 was cloned into pET28a expression vector and heterologous expressed in Bl21-
expression cells. UGT73D1 was purified via ion metal affinity chromatography. Active 
UGT73D1 was mixed in vitro with 0.5 mM NHP and 0.5 mM UDP-Glc and incubated 
overnight. The reaction was stopped by the addition of 1/3 (v/v) MeOH and centrifuged prior 
to following UHPLC-MS analysis. The extracted ion chromatogram of [M+H]+ 308.134 is 
shown at 0.005 mDa range. 

Fig. S9. Metabolite analysis of UV-treated Col-0 and nhpmt1 mutant plants. 

Col-0 and nhpm1-1 and nhpmt1-2 mutant plants were analyzed on their relative signal 
intensities of pipecolic acid (Pip), N-hydroxy pipecolic acid (NHP), N-hydroxy pipecolic acid 
glucoside (NHP-OGlc) and methylated NHP (MeNHP), 12 hours post UV. Metabolites were 
extracted using 80 % MeOH and samples were analyzed using UHPLC-MS. Mean relative 
signal area is shown for Pip, NHP, NHP-OGlc and MeNHP. Error bars indicated standard 
diviation. n= 3. Each replicate represents independent pools of 6-8 leaves from three plants. 
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Fig. S10 MeNHP analysis of UV-stressed Col-0 vs. ugt76b1-1 nhpmt1-1. 

Plants were treated for 20 min with UV light or kept untreated as control. Plants were 
incubated for 24 hours post treatment. Individual samples were collect, frozen in liquid 
nitrogen and retched prior to extraction. Metabolites were extracted with 80 % MeOH 
solution and samples were anylzed using UHPLC-MS. Mean relative signal area is shown for 
MeNHP. Samples represent individual pools of a total of 6-8 leaves of three plants. n=3. 
Letters indicate statistical differences (p < 0.05, one-way ANOVA post-hoc tukey-test). 
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S11. Supplemental Protocol - Chemical synthesis of MeNHP 

General notes 

Solvents and Reagents:  All technical grade solvents (EtOAc, hexane, Et2O, DCM) used for 
workup procedures and flash column chromatography were distilled prior to use. MeOH, Et3N 
and acrylonitrile, used in reactions, were p.a. grade and supplied  from  Fisher Scientific 
(Loughborough, UK)  and  Sigma Aldrich (Steinheim, Germany).  Methylpipecolinate 
hydrochlorid and m-CPBA were from Sigma Aldrich (Steinheim, Germany) and used as 
supplied. 

Chromatography: TLC was carried out on Merck silica gel 60 F254 Aluminum plates 
(Darmstadt, Germany). Substances were detected under UV at 254 nm and dipping into a 
ninhydrin solution (3% in EtOH) followed by heating. Flash column chromatography on silica  
was performed using Machery-Nagel Silica Gel 60 with a particle size of 0.063-0.2 mm (Düren, 
Germany). 

Characterization: The melting point was determined on a StuartTM melting point apparatus 
SMP10 and is uncorrected. NMR spectra were recorded on a Bruker Advance Neo 400 
spectrometer (Billerica, Massachusetts, USA). ESI-MS and HR-MS (ESI) spectra were 
obtained with BRUKER devices, maXis or MicrOTOF (Bremen, Germany). 
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N-(2-cyanoethyl)-methylpipecolinate 

To the stirred suspension of Methylpipecolinate hydrochloride (1.50 g, 8.35 mmol ) in MeOH 
p.a. (8 ml ) at 0°C under Argon was added Et3N (2.31 ml, 16.7 mmol ) dropwise. The resulting 
solution was stirred for 15 min at 0°C. Then acrylonitrile (0.60 ml, 9.2 mmol ) was added 
dropwise and after 15 min at 0°C the reaction mixture was allowed to come to room 
temperature. Stirring was continued for overnight. The solvent was removed by rotary 
evaporation. The residue was diluted with H2O (25 ml), extracted with Et2O (3 x 25 ml). The 
organic phase was washed with Brine (25 ml), dried over Na2SO4 , filtered and concentrated. 
The oily residue was purified by flash column chromatography  
(eluent: Hex / EtOAc  3 : 1, Rf : 0.65 ), affording a light yellow oil (1.02 g, 62 %). 

1H NMR (600 MHz, Chloroform-d) δ 3.69 (s, 3H, CO2CH3), 3.26 (dd, J = 6.5, 4.8 Hz, 1H, H-2), 2.97 
(ddd, J = 11.2, 7.0, 4.2 Hz, 1H, H-6), 2.91 – 2.83 (m, 1H, CH2CH2CN), 2.69 (ddd, J = 13.3, 7.5, 6.9 Hz, 
1H, CH2CH2CN), 2.51 – 2.42 (m, 2H, CH2CH2CN), 2.38 (ddd, J = 11.2, 6.9, 4.3 Hz, 1H, H-6), 1.85 – 
1.74 (m, 2H, H-3), 1.64 – 1.52 (m, 2H, H-5), 1.55 – 1.44 (m, 1H, H-4), 1.44 – 1.35 (m, 1H, H-4). 
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13C NMR (151 MHz, Chloroform-d)  δ 173.58 ( CO2CH3 ), 118.82 ( CN ), 63.68 ( C-2 ), 51.83( 
CH2CH2CN ). , 51.59 (CO2CH3 ), 49.55( C-6 ), 29.24 ( C-3 ), 25.20  ( C-5 ), 21.79 ( C-4 ), 16.46 ( 
CH2CH2CN ). 
HRMS-ESI: calculated for   [C10H16N2O2]+ (M + H+ )     197.1285 ,  found 197.1285   

    [C10H16N2O2]+ (M + Na+ )  219.1104,    found 219.1104 

N-Hydroxy-methylpipecolinate 

To a stirred solution of the tert.- amine (  4.45 g, 22.68 mmol ) in DCM p.a. ( 150 ml )  at 0°C 
under Argon was added  m-CPBA 77%  ( 5.08 g, 22.68 mmol ) portionwise.  Afterwards the 
mixture was stirred for 1h at 0°C and then at room temperature until the reaction was complete 
( ~ 2h, TLC controlled ). The solution was diluted  with  DCM ( 100 ml )  and washed  with  a  
sat. aq. NaHCO3  solution ( 2 x 100 ml )  and brine  ( 100 ml ).  The organic extract was dried 
over Na2SO4  , filtered and concentrated. The residue was purified by flash chromatography 
column ( eluent:  Hex / EtOAc  1 : 1, Rf : 0.23 ). The solid product was recrystallized from Hex 
/ EtOAc  10 : 1, affording a colorless solid ( 3.05 g, 84 %). m.p. 80 – 82 °C 

1H NMR (400 MHz, DMSO-d6) δ 8.15 (s, 1H, N-OH), 3.61 (s, 3H, CO2CH3), 3.16 – 3.07 (m, 1H, H-
6), 3.00 (d, J = 11.4 Hz, 1H, H-2), 2.36 (t, J = 11.7 Hz, 1H, H-6), 1.83 – 1.70 (m, 1H, H-3), 1.69 – 1.41 
(m, 4H, H-3, H-5,  H-4), 1.17 (dt, J = 12.3, 4.3 Hz, 1H, H-4). 
1H NMR (400 MHz, Chloroform-d)   δ 6.46 (s, 1H, N-OH), 3.71 (s, 3H, CO2CH3), 3.45 – 3.28 (m, 1H, 
H-2), 3.14 (d, J = 11.9 Hz, 1H, H-6), 2.50 (s, 1H, H-6), 1.95 (d,J = 13.1 Hz, 1H, H-3), 1.83 – 1.42 (m, 
4H, H-3, H-5, H-4),  1.26 – 1.10 (m, 1H, H-4). 
13C NMR (101 MHz, DMSO-d6)    δ 172.34 ( CO2CH3 ), 70.68 ( C-2 ), 58.05 ( C-6 ), 51.06 ( CO2CH3 
), 28.63 ( C-3 ), 24.54    ( C-5 ), 22.17  C-4). 
13C NMR (101 MHz, Chloroform-d)    δ 173.13 ( CO2CH3 ), 70.75 ( C-2 ), 57.67 ( C-6 ), 51.93 ( 
CO2CH3 ), 29.42 ( C-3 ), 25.08  ( C-5 ), 22.91  C-4). 
HRMS-ESI:  calculated for   [C7H13NO3 ]+ (M + H+ )  160.0968 , found 160.0966 

    [C7H13NO3]+ (M + Na+ )  182.0788,  found 182.0792  

Literature: Organic Chemistry Frontiers, 2016, 3, 1624 – 1634 
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S11. Fig.1 Mass spectrum of N-(2-cyanoethyl)-methylpipecolinate 

S11. Fig.2  1H-NMR spectrum of N-(2-cyanoethyl)-methylpipecolinate 
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S11. Fig.3 13C-NMR spectrum of N-(2-cyanoethyl)-methylpipecolinate 
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S11. Fig.4 Mass spectrum of N-Hydroxy-methylpipecolinate 

S11. Fig.5 1H-NMR spectrum of N-Hydroxy-methylpipecolinate 
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S11. Fig.6 13C-NMR spectrum of N-Hydroxy-methylpipecolinate 
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5. Chapter III. – Further analysis of missing links in SA- and 

NHP-biosynthesis and metabolism 

In addition to the work on unraveling the role of UGT76B1 in SA- and NHP-mediated resistance 

and the identification of novel NHP-based metabolites, we investigated into missing links of 

NHP-metabolism, especially into the missing transporters. Besides the suggestion, that EDS5 

might be the gatekeeper of both SA- and NHP-metabolism, no further study to underline this 

hypothesis was published (Rekhter et al., 2019a). Here, we show the results of our studies on 

an independent mutant allele of EDS5. We also checked whether other candidate transporters, 

which were described to be upregulated in response to Pseudomonas infection or with a 

contribution to SAR, like ABERRANT LATERAL ROOT FORMATION 5 (ALF5) or 

LYSINE/HISTIDINE 7 (LHT7) might be involved in NHP-biosynthesis (Yang and Ludewig, 

2014; Bernsdorff et al., 2016). Additionally, we investigated into a specific aspect of the SA-

biosynthesis. Here, EPS1 was published to be a factor in PBS3-dependent SA-biosynthesis 

by enhancing the degradation of the SA-precursor IC-9-Glu. Indeed, we were able to confirm 

the role of EPS1 in SA-biosynthesis contributing to IC-9-Glu degradation. 

A landmark in the understanding of the SA-biosynthesis in Brassicaceae was the identification 

and description of the enzymatic activity of PBS3 by catalyzing the reaction from IC to IC-9-Glu 

published recently (Rekhter et al., 2019b). The latter one has the tendency to decompose 

spontaneously into SA and 2HNG. Torres-Spence and colleagues confirmed these results and 

described in addition the role of EPS1 in PBS3-dependent SA-biosynthesis by showing that 

EPS1 has IC-9-Glu lyase activity resulting in an enhanced SA- and 2HNG-accumulation 

(Torrens-Spence et al., 2019). One observation they made was that the PBS3-synthesized IC-

9-Glu accumulated in plants harboring an eps1 mutation (Torrens-Spence et al., 2019). To 

confirm their observation we decided to perform an analysis on IC-9-Glu-accumulation in UV-C 

stressed Col-0 and eps1-2 mutant leaves, as well as, non-treated plants as controls (Figure 

11). We characterized the eps1-2 mutant plant line, which we obtained from the SALK stock 

center (SAIL_734_I07) to be homozygous and grew Col-0 and eps1-2 mutant plants under 

long day conditions on soil for 4 weeks. To induce defense metabolism we treated the plants 

with UV-C radiation for 20 minutes as described earlier (Chapter I). 24 hours post UV (hpUV) 

treatment we harvested leaves of three plants per replicate. The leaf material was ground 

under liquid nitrogen and 100 mg fresh weight were extracted using methyl-tert-butyl ether 

(MTBE)-extraction as described in Chapter I. After solvent evaporation, the metabolite extract 

was solved in 100 µL 20 % methanol. The samples were analyzed via UHPLC-ESI-HRMS. We 

generated extracted ion chromatograms of the mass spectrometric data for IC-9-Glu signal at 

m/z 354.083 and compared relative signal area of IC-9-Glu in the different samples. IC-9-Glu 
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significantly accumulated in the eps1-2 mutant background in response to UV-C treatment. 

Col-0 plants did not exhibit IC-9-Glu accumulation in response to UV-C. In Col-0 plants, the 

degradation of the PBS3-formed IC-9-Glu by EPS1 to SA is available and therefore, less 

IC-9-Glu enrichment might be detectable after treatment. All in all, we were thus able to confirm 

the observation by Torres-Spence and coworkers that IC-9-Glu is accumulating in the eps1 

mutant background, which supports the function of EPS1 to degrade IC-9-Glu into SA and 

2HNG (Torrens-Spence et al., 2019). 

 

Figure 11: Isochorismate-9-glutamic acid (IC-9-Glu) accumulates in UV stressed eps1 mutant plants. Relative 

signal intensities of pbs3-dependent SA-biosynthesis precursor isochorismate-9-glutamic acid are shown in 

response to UV-C treatment. Four-week-old Col-0 and eps1-2 plants were challenged with UV-C treatment for 

20 min to induce defense metabolism (grey) or left untreated as control (white). Samples were harvested 24 hours 

post UV treatment (hpUV). Leave material was ground under liquid nitrogen and metabolites were extracted using 

methyl-tert-butyl ether, methanol and water extraction. The extracts were dried under streaming nitrogen and 

molecules were solved in 20 % methanol. The samples were analyzed using UHPLC-ESI-HRMS. Data represents 

mean relative signal area with standard deviation. n= 3 individual pools of leaves derived from three plants each. 

Letters indicate statistical differences, p < 0.05, one-way ANOVA with post-hoc Tukey-test. 

We further aimed to identify transporters being involved in NHP-biosynthesis. EDS5 was the 

first candidate that was suggested to play a role in both SA- and Pip-biosynthesis (Rekhter et 

al., 2019a). EDS5 appears to be a suitable candidate transporter, because a shared signaling 

hub for both signaling molecules, SA and NHP, would allow coordinating both pathways 

simultaneously (Rekhter et al., 2019a). To analyze the role of EDS5 in the biosynthetic route 

of NHP as chloroplast exporter of Pip we investigated into a second independent mutant allele 

of the transporter (eds5-2, kindly provided by Prof. Dr. Christiane Nawrath). However, the role 

of EDS5 in NHP- and SA-biosynthesis could not be confirmed in eds5-2 mutant plants (Figure 

12). We challenged again Col-0 and eds5-2 mutant plants with UV-C light and harvested 

samples 24 hpUV. We analyzed the levels of NHP via UHPLC-ESI-HRMS in the respective 

metabolite extracts. NHP-levels increased after UV-C treatment in both Col-0 and eds5-2 

mutant plants, strongly suggesting that EDS5 is either not the only transporter for NHP 

biosynthesis or may not be required as transporter for NHP-biosynthesis. 
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Figure 12: Detection of NHP accumulation in eds5-2 mutant plants. Relative signal area of the NHP-signal 

corresponding to m/z 146.082 were analyzed. Col-0 and eds5-2 mutant plants were treated for 20 min with UV-C 

(grey), control plants were left untreated (white). The plants were incubated and leaves were harvested 24 hpUV 

and immediately frozen in liquid nitrogen. Plant material was ground and 100 mg were extracted using MTBE 

extraction. Samples were analyzed using UHPLC-ESI-HRMS. Data represents mean relative signal area with 

standard deviation. n= 3 individual pool of leaves derived from three plants each. Letters indicate statistical 

differences, p < 0.05, one-way ANOVA with post-hoc Tukey-test. 

The second candidate we analyzed was the EDS5-homolog (EDS5H). Similar to EDS5 it 

belongs to the family of MATE exporters. It is 72 % similar and 59 % identical in sequence to 

EDS5, however it has been shown to be not involved in ICS1-dependent SA-biosynthesis 

(Parinthawong et al., 2015). We conducted a UV-C stress experiment with Col-0 and eds5h 

mutant plants (SALK_043653). After 24 hours, leaves were harvested and metabolites were 

extracted using MTBE-extraction.  

 

Figure 13: Analysis of NHP-levels in Col-0 and eds5h mutant plants. Relative signal area of the NHP-signal 

corresponding to m/z 146.082 were analyzed. Col-0 and eds5h mutant plants were treated for 20 min with UV-C 

(grey), control plants were left untreated (white). The plants were incubated and leaves were harvested 24 hpUV 

and immediately frozen in liquid nitrogen. Plant material was ground and extracted using methyl-tert-butylether 

extraction. Samples were analyzed using UHPLC-ESI-HRMS. Signal area was normalized against the amount of 

plant material extracted. Data represents mean relative signal area with standard deviation. n= 3 individual pools of 

leaves derived from three plants each. Letters indicate statistical differences, p < 0.05, one-way ANOVA with post-

hoc Tukey-test. 
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The samples were analyzed for their NHP-levels using UHPLC-ESI-HRMS (Figure 13). In both 

Col-0 and eds5h plants, NHP accumulated after UV-C stress without a significant difference.  

We investigated into another candidate transporter from the MATE-family that was described 

to play a role in SAR, namely, ALF5 (Bernsdorff et al., 2016). We obtained the homozygous T-

DNA insertion line (SALK_047842C) from the SALK stock center. We conducted a 

Pseudomonas syringae pv. maculicola ES4326 (P.s.m.) infection experiment and analyzed the 

metabolite extracts with UHPLC-ESI-HRMS (Figure 14). In brief, P.s.m. bacteria were suspend 

in 10 mM MgCl2 and were infiltrated to leaves with an OD600=0.05. As control 10 mM MgCl2 

was infiltrated to the leaves. The treated leaf material was harvested 48 hours post infiltration. 

Both Col-0 and the alf5 mutant accumulated NHP in response to P.s.m. infection. Surprisingly, 

the accumulation of NHP in the alf5 mutant plants was even higher than in the Col-0 plants. 

This might indicate that alf5 mutant plants could exhibit enhanced disease resistance. We 

conclude that ALF5 seems not to play a role in NHP-biosynthesis. It may be speculated that 

increased NHP-levels derive from a disrupted cellular export or degradation. However, we 

cannot provide data that support this speculation.  

 

Figure 14: Analysis of NHP levels in Col-0 and alf5 mutant plants in response to P.s.m. Relative signal area 

of the NHP signal corresponding to m/z 146.082 were analyzed. Col-0 and alf5 mutant plants were infiltrated with 

10 mM MgCl2 (white) or P.s.m. at OD600=0.05 in 10 mM MgCl2 (dark grey). Treated leaves were harvested 48 hours 

post treatment and immediately frozen in liquid nitrogen. Plant material was ground and extracted using 80 % 

methanol extraction. Samples were analyzed using UHPLC-ESI-HRMS. Signal area was normalized against the 

amount of plant material extracted. Data represents mean relative signal area with standard deviation. n= 3 

individual pool of leaves. Letters indicate statistical differences, p < 0.05, one-way ANOVA with post-hoc Tukey-

test. 

In addition, we decided to analyze the amino acid transporter LHT7. The transporter was 

shown to be transcriptionally upregulated upon P.s.m. and Flagellin22 treatment (Yang and 

Ludewig, 2014). Similar to ALF5, LHT7 was classified to play a role in SAR (Bernsdorff et al., 

2016). Additionally, it appeared in a co-expression network analysis with ALD1 (Obayashi et 

al., 2022). Therefore, the lht7 mutant (SALK_027033) was obtained from the SALK stock 
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center and determined to be homozygous. The ability of lht7 mutant plants to synthesize NHP 

in response to P.s.m. infection was investigated (Figure 15). We performed the P.s.m infection 

experiment as described above and harvested leaf samples 48 hours post treatment. The 

samples were analyzed using UHPLC-ESI-HRMS. Both, Col-0 and lht7 plants accumulated 

NHP in response to P.s.m infection with comparable signal areas. Therefore, we concluded 

that LHT7 alone is not required for NHP-biosynthesis.  

 

Figure 15: Analysis of NHP in Col-0 and lht7 plants in response to UV-C. Relative signal area of the NHP signal 

corresponding to m/z 146.082 were analyzed. Col-0 and lht7 mutant plants were infiltrated with 10 mM MgCl2 

(white) or P.s.m. at OD600=0.05 in 10 mM MgCl2 (dark grey). Treated leaves were harvested 48 hours post treatment 

and immediately frozen in liquid nitrogen. Plant material was ground and extracted using 80 % methanol extraction. 

Samples were analyzed using UHPLC-ESI-HRMS. Signal area was normalized against the amount of plant material 

extracted. Data represents mean relative signal area with standard deviation. n= 3 individual pool of leaves. Letters 

indicate statistical differences, p < 0.05, one-way ANOVA with post-hoc Tukey-test. 

In summary, the experimental data obtained with the investigated transporter candidates, did 

not reveal any hint that they were involved in NHP-biosynthesis. Most importantly, we were not 

able to confirm the role of EDS5 in the biosynthesis of NHP. It might be the case that the 

transporter candidates did show differences in NHP accumulation in infected leaves because 

of genetic redundancy.
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6. Discussion 

Barriers, signaling and metabolite networks are a key for plant fitness. Sensing of external 

threats and signal proliferation lead to transcriptional and in consequence metabolic 

remodeling of the harmed tissue (Feussner and Polle, 2015; Bernsdorff et al., 2016). These 

signals can be distributed through the organism (Chen et al., 2018). Several mechanisms were 

described to be present in plant organisms ranging from fast responding calcium fluxes, over 

the accumulation of ROS, to long lasting metabolic responses at the onset of SAR and defense 

priming (Torres et al., 2006; Ma et al., 2013; Guerra et al., 2020). Two molecules that concert 

plant immunity are SA and NHP. SAs ability to enhance disease resistance is known since the 

1990th and has been shown in numerous plant species. Its biosynthesis and working modes 

via the proposed receptors NPR1 and NPR3/4 have been described in Arabidopsis (Cao et 

al., 1997; Ding et al., 2018). The biosynthesis of NHP and its ability to induce disease 

resistance was described during the recent years (Chen et al., 2018; Hartmann et al., 2018). 

NHP synthesis was shown to be significantly induced upon P. syringae treatment in tobacco, 

tomato, Arabidopsis and mustard (Holmes et al., 2019). Furthermore, transient expression of 

FMO1-homologs from these species, in N. benthamiana resulted in successful synthesis and 

detection of NHP (Holmes et al., 2019). The same outcome has been observed using soybean 

or corn FMO1-homologs (Holmes et al., 2019). Similarly, NHP was applied to several plant 

species with the outcome that it enhanced disease resistance in, for instance, tomato, tobacco, 

soybean and barley (Holmes et al., 2019; Schnake et al., 2020). There is growing evidence 

that NHP is a phloem mobile signal during the establishment of SAR (Chen et al., 2018; 

Schnake et al., 2020). 

In this work, we were able to show induction of metabolite remodeling in infection studies with 

P.s.m. bacteria and UV-C treatment. Applying both stresses, we investigated the role of 

UGT76B1 in plant immunity. We describe its central function in glycosylation of NHP, as well 

as, of SA and therefore regulating the amount of these active compounds and balancing plant 

immunity (Chapter I) (Figure 16). The in vivo metabolite analyses were accompanied via in 

vitro analysis using purified UGT76B1. Furthermore, we investigated the influence of functional 

FMO1 on the ugt76b1-1 phenotype. Therefore, also investigating the role of NHP in ugt76b1-1. 

In addition, we were able to describe novel NHP-based metabolites in response to UV-C and 

P.s.m. infection (Chapter II). We discuss molecular identities of MeNHP, NHPGE, NHP-

OGlcHex, NHP-OGlcMal and possible synthesis routes. We strengthen their identification by 

authentic standards via chemical synthesis, in vitro enzymatic synthesis and MSMS-

fragmentation experiments. Moreover, with the chemically synthesized MeNHP standard in 

hand, we performed plant infiltration experiments to investigate its metabolic fate and its 

potential to rescue the fmo1-1 susceptibility phenotype.  
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Figure 16: Metabolic modifications of SA and NHP by glucosylation and methylation in Arabidopsis. 

Enzymes for glucosylation and methylation of NHP and SA that have been shown to play a role in Arabidopsis in 

planta and its enzymatic products, respectively. UGT76B1 is the central enzyme to glucosylate both NHP and SA. 

UGT74F1 is able to form SAG, and UGT74F2 was shown to form SGE, respectively, via glucosylation. BSMT1 was 

shown to form MeSA. MeSA can be converted back to SA by MES1, 7 and 9. NHP-metabolites MeNHP, NHPGE 

and the complex glycosides were described without enzymes fulfilling their formation in vivo. So far, not identified 

enzymes for a suggested enzymatic activity were labeled with a question mark. Unclear routes were labeled with a 

question mark only. 

The basis for our studies of SA- and NHP-metabolism were UHPLC-ESI-HRMS-based non-

targeted metabolome analysis, and quantitative metabolomics analyses. The methods enable 

investigation into metabolite changes between wild type and mutant plants, deficient in the 

activity of individual enzymes. Further, the combination of enzyme purification and in vitro 

analysis combined with the mass spectrometry platform allowed the determination of 

enzymatic activities and product discovery. In combination with infection studies with P.s.m. 

and H.a Noco 2, we were able to investigate the in planta role of UGT76B1 and to describe 

novel NHP-metabolites, such as MeNHP in the onset of plant-microbe interactions. 

Furthermore, we were able to confirm the role of EPS1 in SA biosynthesis by the detection of 

IC-9-Glu accumulation as proposed by Torres-Spence and coworkers (Torrens-Spence et al., 

2019). Besides, we provide insights into the role of the potential transporters EDS5, EDS5H, 

ALF5 and LHT7 to be, at least not alone responsible for Pip export from the chloroplast to the 

cytosol for NHP biosynthesis (Chapter III). 
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6.1 UGT76B1 is the central hub of NHP and SA inactivation 

During the metabolic response of plant immunity, UGTs are able to catalyze the conjugation 

of glucose to the defense concerting molecules SA and NHP (Song et al., 2008; Chen et al., 

2018; Cai et al., 2021). UGT76B1 has been shown to regulate the concentration of SA, by 

forming SAG (von Saint Paul et al., 2011; Noutoshi et al., 2012; Maksym et al., 2018). 

Additionally, UGT76B1 is responsible for the metabolic turnover of branched chain amino acid-

like compound ILA (von Saint Paul et al., 2011; Noutoshi et al., 2012; Maksym et al., 2018). 

UGT76B1 is transcriptionally upregulated upon various abiotic and biotic stresses like osmotic 

stress, UV-B, Pseudomonas bacteria or Phytophtora infestans (von Saint Paul et al., 2011). 

Furthermore, application of the defense related compounds SA, Pip or NHP triggers 

transcriptional upregulation of UGT76B1 (Blanco et al., 2009; Bernsdorff et al., 2016; 

Hartmann et al., 2018). This is in line with the co-expression of UGT76B1 with defense 

responsive Pip biosynthesis genes ALD1 and FMO1, which themselves exhibit co-expression 

with SA biosynthetic genes PBS3 and ICS1 (ATTED-II, ver.11, accessed 220607) (Obayashi 

et al., 2022). Von Saint Paul and colleagues already identified an enhanced resistance 

phenotype of ugt76b1-1 mutant plants and vice versa enhanced susceptibility of the UGT76B1-

OE-7 overexpression line against (hemi-) biotrophic P. syringae (von Saint Paul et al., 2011). 

In line with this observation, infection with the necrotrophic pathogen Alternaria brassicicola 

resulted in susceptibility of ugt76b1-1 and enhanced resistance of the UGT76B1-OE-7 

overexpression line (von Saint Paul et al., 2011). The infection data is in line with the marker 

gene expression, as upregulation of basal PR1-transcripts associated with SA was described. 

What is more, downregulation of VSP2-transcripts, associated with JA, in ugt76b1-1 mutant 

lines compared to wild type was observed (von Saint Paul et al., 2011). The basal PR1-gene 

expression presented earlier matches the expression profile presented by von Saint Paul and 

colleagues and was further underlined in the independent CRISPR ugt76b1-3 and ugt76b1-4 

mutant plants (Chapter I). Furthermore, SA levels were significantly higher in five-week-old 

seedlings of ugt76b1-1 mutants compared to Col-0 and UGT76B1-OE-7 (von Saint Paul et al., 

2011). Similarly, SA levels were significantly increased in ugt76b1 mutants six hours post 

infection with P. syringae avrRpm1 in comparison to wild type (Noutoshi et al., 2012). SAG 

amounts were significantly reduced in ugt76b1 mutants compared to wild type after infection 

(Noutoshi et al., 2012). It is interesting to mention that basal SAG levels in five-week-old 

seedlings were significantly increased likewise in ugt76b1-1 and UGT76B1-OE-7 compared to 

Col-0 (von Saint Paul et al., 2011). This could be explained by the already high stress levels 

in the basal state of the ugt76b1-1 mutant, that are represented by high SA levels, which can 

be turned over by the other known UGTs UGT74F1 and UGT74F2. The explanation would be 
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in line with the additional report about significantly increased levels of SGE in the ugt76b1-1 

mutant seedlings (von Saint Paul et al., 2011).  

6.1.1  In vivo annotation of UGT76B1 to NHP-OGlc synthesis 

We performed a P.s.m. infection experiment with ugt76b1-1 mutants and wild type plants to 

identify ugt76b1 mutation dependent differences at the basis of the metabolome (Chapter I). 

The metabolome is the characteristic read out of transcriptional reprogramming (Feussner and 

Polle, 2015). The dataset was recorded with UHPLC-ESI-HRMS and analyzed using Agilent 

MassHunter Profinder and the MarVis-software package (Agilent Technologies, Santa Clara, 

CA, USA) (Kaever et al., 2012; Kaever et al., 2013; Kaever et al., 2015; Feussner and 

Feussner, 2019). By non-targeted metabolome analysis, we reproduced the described SAG 

chemotype of ugt76b1-1 and strikingly did not observe any NHP-OGlc in the mutant plants. In 

addition, signal intensities corresponding to SA and NHP were increased in the ugt76b1-1 

mutant background. The data suggests NHP as additional substrate of UGT76B1 in vivo. To 

this point, only one NHP-glycoside was described from two independent studies, without the 

functional annotation of an enzyme able to synthesize NHP-OGlc (Chen et al., 2018; Hartmann 

and Zeier, 2018). Later it turned out that at this point already both NHP-OGlc and NHPGE had 

been detected (Chen et al., 2018; Hartmann and Zeier, 2018; Bauer et al., 2021). A later study 

by Bauer and colleagues described both NHP-glycosides in P.s.m. infiltrated wild type plants 

of which only the NHP-OGlc was missing in ugt76b1 background (Bauer et al., 2021). The 

second NHP-glycoside resembled NHPGE. To underline the molecular identity of NHP-OGlc 

and to exclude the signal from NHPGE in our UHPLC-ESI-HRMS analysis, we performed 

MSMS-fragmentation experiments. The detection of the analytical fragment m/z 262.127 from 

the in vivo and in vitro analyte strengthens the identification that UGT76B1 synthesizes NHP-

OGlc. Holmes and colleagues supply additional evidence by MSMS-fragmentation combined 

with trimethylsilyldiazomethane derivatization that selectively methylates carboxylic acids also 

underlining NHP-OGlc as product of UGT76B1 (Holmes et al., 2021). Additionally, the NHP-

glycoside signal annotated to be UGT76B1-dependent was not used by esterase treatment, 

suggesting NHP-OGlc, in the studies conducted by Bauer and colleagues (Bauer et al., 2021). 

Several approaches underlined the functional characterization of UGT76B1 to synthesized 

NHP-OGlc from NHP. Nevertheless, an authentic standard would still be required to 

unambiguously assign the NHP-OGlc mass spectrometric signal (Holmes et al., 2021). 
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6.1.2  Heterologous expression and in vitro data support 

UGT76B1 function 

To gain further insight into the ability of UGT76B1 to glycosylate NHP several in vitro strategies 

were addressed by different working groups. On the one hand, heterologous expression, 

enzyme purification and in vitro enzyme reactions were conducted. In the reaction assays with 

purified UGT76B1 enzyme, NHP substrate and UDP-Glc resulted in successful detection of 

NHP-OGlc compared to their respective no enzyme controls (Bauer et al., 2021; Cai et al., 

2021; Holmes et al., 2021; Mohnike et al., 2021). On the other hand, heterologous expression 

of gene products, responsible for NHP and NHP-OGlc biosynthesis were conducted in different 

plant systems. Cai and colleagues performed NHP supplementation studies to yeast cells 

expressing UGT76B1 or an empty vector control, leading to NHP-OGlc formation in the sample 

combing UGT76B1 expression and NHP supplementation (Cai et al., 2021). In addition, 

heterologous expression of NHP or NHP-OGlc synthesis genes ALD1, SARD4, FMO1 and 

ALD1, SARD4, FMO1, UGT76B1, respectively, resulting in their enzyme products, were 

conducted in Nicotiana benthamiana. NHP and NHP-OGlc synthesis was observed in the 

respective trials, which was increased by lysine supplementation (Cai et al., 2021). Strikingly 

they were able to detect NHP-OGlc from the N. benthamiana samples expressing the set NHP-

biosynthesis genes supplemented with lysine only (Cai et al., 2021). This suggests the 

presence of a native UGT from N. benthamiana to use NHP as substrate. Holmes and 

colleagues chose a similar approach of heterologous expression of NHP and NHP-OGlc 

pathway genes in Solanum lycopersicum. Via successful heterologous expression of ALD1 

and FMO1, producing their respective gene products, the group was able to detect Pip and 

NHP, respectively. Similarly, they successfully detected NHP-OGlc when heterologous 

expression of ALD1, FMO1 and UGT76B1 was performed (Holmes et al., 2021). What is more 

is that they describe SA-accumulation from tomato leaves expressing genes of the NHP-

biosynthesis pathway without UGT76B1. However, when combing the genes of NHP-

biosynthesis with UGT76B1, SA-signal intensities are reduced again and SAG-signal 

intensities increased significantly (Holmes et al., 2021). Together with the metabolite analysis 

of ugt76b1 mutant plants, purified UGT76B1 and heterologous expression systems, the role 

of UGT76B1 in glycoside formation of NHP, in addition to SA was identified. 

6.1.3  Functional FMO1 is required for ugt76b1 phenotypic 

characteristics 

The ugt76b1 mutant of A. thaliana was described to exhibit reduced growth, enhanced 

resistance to P. synrigae and enhanced susceptibility to A. brassicicola (von Saint Paul et al., 

2011). Additionally, it was reported to exhibit early senescence (von Saint Paul et al., 2011). 
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To connect the novel insight about NHP-glycosylation by UGT76B1 to the phenotypic 

characteristics of ugt76b1-1 mutant plants, NHP deficient fmo1 ugt76b1 double mutants were 

investigated. Neither in our study nor Bauer and colleagues were able to detect NHP-

accumulation in fmo1 ugt76b1 double mutants (Bauer et al., 2021; Mohnike et al., 2021). 

Similarly, the enhanced resistance phenotype of ugt76b1 was not observed in the double 

mutants, which exhibit fmo1-like susceptibility towards two different Pseudomonas strains pv. 

tomato DC3000 and P.s.m. (Bauer et al., 2021; Mohnike et al., 2021). These data show the 

influence of FMO1 and NHP on enhanced resistance. An enhanced resistance phenotype is 

often connected to reduced growth, which was already described for ugt76b1-1 (von Saint Paul 

et al., 2011). In this study, we underline reduced growth of ugt76b1 with different mutant alleles. 

Similarly, the growth phenotype was reproduced analyzing the diameter of the rosette leaves 

and fresh weight in comparison between wild type, ugt76b1 and UGT76B1-OE1 

(overexpression) plants, resulting in significantly smaller plants having a reduced weight when 

ugt76b1 was mutated (Cai et al., 2021). To investigate the role of FMO1 and NHP on the 

reduced growth phenotype of ugt76b1 mutants we compared them with fmo1 ugt76b1 double 

mutants. In comparison to the reduced growth of three independent ugt76b1 lines, 

fmo1 ugt76b1 double mutant plants grow bigger than the single mutant does. Indicating an 

influence of FMO1 and NHP on the balance between immunity and growth. In terms of the 

early senescence phenotype described by von St. Paul and coworkers the cell death 

phenotype of N. benthamiana leaves, expressing NHP-biosynthesis genes suggests an 

influence of NHP on the regulation of cell death. In comparison to the expression of NHP-OGlc 

biosynthetic genes, the expression of UGT76B1 abolishes cell death. In conclusion, UGT76B1 

and NHP have an influence on senescence exhibited as cell death (von Saint Paul et al., 2011; 

Cai et al., 2021). However, a direct connection of NHP-OGlc to delayed senescence is not 

supported by experimental data. Similarly, the direct effects of NHP-OGlc on growth promotion 

remain unclear. 

6.1.4  Outlook to NHP, UGT76B1 and NHP-glucosides 

influences on plant health  

In terms of a mobile signal to induce SAR, evidence for NHP-mobility has been collected over 

the last couple of years. NHP was shown to move systemically and to induce SAR in several 

experimental setups (Chen et al., 2018; Schnake et al., 2020; Mohnike et al., 2021). Whether 

NHP-OGlc fulfills a function in immune signal distribution and if a hydrolysis to NHP is 

happening in vivo, remains to be investigated. The tracking experiment we performed with D9-

NHP und NHP suggests for NHP mobility without further need of O-glycosylation, as D9-NHP 

was successfully detected in systemic tissue of locally infiltrated ugt76b1-1 mutants. 
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Nevertheless, glycosides are proposed to exhibit enhanced solubility, which may be beneficial 

for transport through the vasculature. Additionally, the external application of NHP may not 

resemble the physiological state since the signal is not generated endogenously at the correct 

time point and location. Therefore, no information about the requirements of NHP-OGlc for 

cellular export, for example, can be drawn. Furthermore, the role of NHPGE in NHP-distribution 

remains elusive and if it could carry out the function of a mobile signal in ugt76b1-1 

background. Unfortunately, we were not able to follow NHP-OGlc or NHPGE by external 

application, due to the lack of authentic standards. However, were able to show in vitro activity 

of UGT74F2 that exhibited glycoside-ester forming activity with NHP to result in formation of 

NHPGE. The enzymatic reaction was used to confirm the retention time difference between 

NHPGE and NHP-OGlc (Supplemental Figure 1). Interestingly, UGT74F2 has also been 

reported to glycosylate NAM, the product of TIR-domain mediated NAD-cleavage (Li et al., 

2015). However, for future research it would be interesting to see, if NHP-glycosides are 

systemically mobile, and if they can be hydrolyzed into the active NHP-signal. After the 

identification of the NHP-GE forming UGT in vivo, a double mutant may answer the question 

of NHP-mobility excluding any kind of NHP-glycoside. 

Additionally, NHP-OGlc may be a candidate for external application to induce defense 

response in crop plants. For SAG, it has been shown to be a mild alternative to SA, to induce 

plant protection. SAG-application shows in comparison to SA a lower rate of induction of PR-

gene expression and ROS-levels, but it is nevertheless able to enhance defense resistance 

against Pseudomonas (Swayambhu et al., 2021). Whether NHP-OGlc has similar traits, will 

have to be investigated. 

Another interesting aspect is the fact that UGT76B1-expression was high in roots and that it 

showed expressional changes upon abiotic stresses as mentioned above (von Saint Paul et 

al., 2011). It would be interesting to investigate the role of UGT76B1 for the root metabolome 

and to further identify whether these molecular changes have an influence on stress 

responses. The observation that UGT76B1-expression was induced when Arabidopsis plants 

were transferred from iron deficient to iron sufficient medium suggests for a possible role in 

iron homeostasis (Schuler et al., 2011; Koen et al., 2014). We tested UGT76B1 activity with 

scopoletin in vitro and were able to detect the glycoside scopolin (Supplemental Figure 2). It 

can be speculated that UGT76B1 may be involved in the biosynthesis of scopolin in roots. Its 

aglycon scopoletin was shown to chelate iron (Nakano et al., 2014). The coumarin scopolin 

was additionally shown to influence the root microbiome, which would open a vast new field 

for UGT76B1 influence on plant fitness (Stringlis et al., 2018). The root microbiome was shown 

to play a significant role in plant fitness and protection in plant-pathogen interactions (Haney 
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et al., 2015). Moreover, it will be interesting to analyze whether UGT76B1 plays a role in root 

to shoot signaling. 

Remaining questions are the subcellular localization about the activation of Pip by FMO1 and 

inactivation of NHP by UGT76B1 (Zeier, 2021). Additionally, the translation of the NHP-signal 

into gene expression and metabolite remodeling remains unknown, as no receptor protein has 

been described in the literature so far. The shared modus of inactivation of SA and NHP by 

UGT76B1 suggests a tight interplay between the two active compounds. However, it can only 

be speculated, if the SA-receptor NPR1 plays a role in NHP-recognition. So far, attempts to 

study binding kinetics between NHP and NPR1 did not suggest that SA and NHP share this 

signaling hub (Nair et al., 2021). Furthermore, the ability to sense NHP-concentration by the 

transcriptional corepressors NPR3/4 has not been investigated. It remains therefore unclear 

how NHP is perceived in local and systemic tissue. Another interesting question to answer in 

the future will be, if the NHP- and SA-glycosides may resemble a molecular “immune memory”. 

In a long-term SAR experiment, it would be interesting to see, if the glycosides are stored and 

whether, they are hydrolyzed back into SA or NHP, respectively, upon secondary infection. 

This may be a fast way to enhance the cellular concentration of SA and NHP compared to de 

novo synthesis (Jones and Vogt, 2001).  

Concluding our studies about UGT76B1 and the formation of NHP-OGlc, we decided to 

investigate and uncover other molecules involved in NHP-turnover. 

6.2 Novel NHP-metabolites as candidates for plant priming, 

storage or degradation? 

With an established workflow to induce immune metabolism and the NHP-deficient mutant 

fmo1-1 in hand, we began to investigate comparisons between stressed wild type plants 

against fmo1-1 (Chapter II). We aimed to detect molecular differences in non-targeted 

metabolome datasets. To this point, no other NHP-metabolite than NHP-OGlc was described 

by other research groups (Chen et al., 2018). Throughout the ongoing of this thesis, an 

additional metabolite namely NHP-GE was shown to be synthesized in Arabidopsis in 

response to P. syringae treatment (Bauer et al., 2021). Its molecular identity as glucoside ester 

was demonstrated using esterase treatment (Bauer et al., 2021). The treatment did only reduce 

one of the two NHP-glycosides associated signals, leading to annotation of the respective site 

of glycosylation (Bauer et al., 2021).  
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Initially, we investigated into NHP-modifications with a focus on described modifications of 

other well-studied plant hormones, like SA and JA in a targeted manner (Wasternack and 

Hause, 2013; Zeier, 2021). Those modifications were methylation, hydroxylation or amino acid 

conjugation. Following that strategy we were able to identify a signal in wild-type, but not 

fmo1-1 plants, with an accurate ion mass of [M+H]+ 160.097 that matched our exact mass 

prediction for methylated NHP. To that point, we were not able to discriminate between the 

carboxy and the hydroxy function of NHP as sites of methylation by MSMS-fragmentation. An 

approach to methylate NHP resulted in more than one signal in the chromatogram, which did 

not contribute to a successful identification of the site of methylation. Similarly, selective 

chemical methylation of NHP did not appear to be trivial, as there is no available synthesis 

route and guarding of either hydroxyl or carboxy group was not easily feasible. Chen and 

coworkers described a chemical hydroxylation mechanism using Pip resulting in NHP (Chen 

et al., 2018). This led us to follow the idea to pass on from chemical methylation of NHP and 

to perform hydroxylation on a commercially available methyl pipecolinate. A new scheme for 

the respective chemical synthesis of NHP-methyl ester was developed via 

N-(2-cyanoethyl)-methylpipecolinate. Indeed NMR confirmed the chemical structure of the 

pure MeNHP-standard. Comparing retention time and the MSMS-spectra of the in vivo 

substance to the authentic MeNHP-standard, we were able to confirm the presence of MeNHP, 

which is a NHP-methyl ester in Arabidopsis. In planta, MeNHP is synthesized in response to 

P.s.m. infection and UV-C treatment. 

In order to search for NHP-derived metabolites in a non-targeted manner we designed a co-

infiltration experiment of NHP and D9-NHP. The idea for that experiment was given by an 

approach described by Yu and coworkers (Yu et al., 2021b). The researchers applied a mixture 

of stably labeled nematode pheromone together with their unlabeled native substance to track 

metabolite turnover of the pheromone in different organisms (Yu et al., 2021b). In our 

approach, we searched in the MS dataset for compound pairs, which show a characteristic 

mass shift of 9.056 Da resulting from D9. To tackle the question, if the NHP-derived molecules 

are also present in native, non-NHP/D9-NHP-infiltrated plants, we included an UV-C treatment. 

We were able to describe several additional NHP-derived metabolites that were lacking in the 

fmo1-1 and ugt76b1-1 mutants but were present after stress in wild type plants. The molecules 

besides MeNHP were the complex glucosides, NHP-OGlc-Hex and NHP-OGlcMal. We were 

not only able to describe the metabolites in the infiltrated tissue, but in the UV-C treated plants 

without of NHP-infiltration. This again confirms their synthesis in vivo. The control conditions 

of the experiment excluded that the discovered metabolites are artefacts due to the external 

application of NHP and D9-NHP. The detection of NHP-OGlc-Hex was supported by exact 

mass information exhibiting the in source fragment m/z 308.134 corresponding to NHP-OGlc 

and UGT76B1-dependancy. However, we were not able to confirm the identification via an 
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enzymatic synthesis of the compound or authentic standard validation. Nevertheless, di-

glycosides were already described as for example the flavonol-3,7-O-glycosides (Ablajan et 

al., 2006). Plant-derived compounds containing an acylated glucose have also already been 

described as for example medicarpin-3-O-glucosides-6’’-O-malonate and the flavonoid 

genistein-7-O-glucoside being malonylated (Kessmann et al., 1990; Kachlicki et al., 2008). 

Another example is the major anthocyanin purified from Arabidopsis that exhibited a glucose 

residue acylated with malonic acid (Bloor and Abrahams, 2002). Possienke described in her 

doctoral thesis the MSMS-fragmentation behavior of the malonic acid acylated compound 

1-(6-O-malonyl-β-D-glucopyranosyl)-2-mercapto-1H-indole-3-carboxylic acid and detected a 

similar fragment of m/z 87 describing malonic acid [C3H3O3]+, as earlier described for NHP-

OGlcMal (Chapter II) (Possienke, 2012). With respect to the biosynthesis of malonyl acylated 

compounds a malonyl transferase for the anthocyanidin-5-O-glucoside was described in 

Arabidopsis (D'Auria et al., 2007). Matern and coworkers were able to show that flavonoids 

uptake into parsley vacuoles was dependent on acylation of glycosides (Matern et al., 1986). 

By comparing labeled [2-14C] apigenin-7-O-glucoside uptake with 

[2-14C] apigenin-7-O-(6-O-malonylglucoside) into isolated vacuoles they were able to show 

rapid accumulation by the acylated substance (Matern et al., 1986). Hopp and Seitz made a 

similar observation showing that [3H] deacylated anthocyanin was taken up at lower rates than 

[3H] anthocyanin into isolated vacuoles from Daucus carota (Hopp and Seitz, 1987). Maybe 

the newly described NHP-OGlcMal compound plays a role in NHP degradation or storage in 

the vacuole.  

To get further ideas about the physiological relevance of these newly described compounds 

we investigated the appearance of NHP and its metabolites over a time-course after UV-C 

treatment (Supplemental Figure 3). Similarly, we recorded data for SA and SAG to investigate 

SA and SAG occurrence over time (Supplemental Figure 4). The time-course of UV treatment 

reveals that MeNHP has a similar pattern of accumulation as NHP-OGlc, beginning at 8 hpUV 

(Supplemental Figure 3A). The accumulation of NHP-OGlc and MeNHP follows the initial 

enrichment of NHP 6 hours post UV treatment. The time course of UV-C induced metabolism 

may indicate that MeNHP-synthesis goes in line with NHP-OGlc synthesis, suggesting to be 

an additional or even alternative mechanism of metabolic turnover to control the NHP 

concentration. NHP-methylation as mode of inactivation may be seen in analogy to the 

methylation of SA by BSMT1 (Chen et al., 2003). The overexpression of OsBSMT1 from rice 

in transgenic Arabidopsis lead to a decrease in SA mediated resistance to the biotrophic 

pathogen Globinomyces orontii (Koo et al., 2007). The two UGT76B1-dependent, therefore 

NHP-OGlc-derived metabolites, NHP-OGlc-Hex and NHP-OGlcMal, began to accumulate 

10 hpUV (Supplemental Figure 3B). Their levels were clearly increased up to 24 hpUV 

treatment. This trend may hint towards their role in degradation or storage. To investigate even 
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later time points like 48 hpUV or 72 hpUV may give an idea, if these metabolites will be 

degraded or are constantly accumulating after stress, which would suggest for storage. In 

parallel, we also monitored SA and SAG-accumulation over the first 24 hpUV treatment. SA 

levels increase already 2 hpUV until 6 hpUV (Supplemental Figure 4). Interestingly, SA signal 

intensity again decreased 8 hours and 10 hours post UV. At 24 hpUV, the signal intensities 

were equal to the ones from 6 hpUV again. SAG levels began to increase from 8 hpUV and 

continuously increased 24 hpUV. It can be speculated that the circadian rhythm could have an 

influence on SA concentration (Zhang et al., 2019). Griebel and Zeier have also reported a 

daytime dependency to plant immunity in response to infection (Griebel and Zeier, 2008). 

An obvious question in respect to the newly identified compound MeNHP was, if MeNHP plays 

an active role in the NHP-mediated processes of plant immunity. For MeJA it was reported that 

it successfully recovered fertility in JA-insufficient plants (Park et al., 2002). Furthermore, 

MeSA application can induce SA-mediated resistance (Shulaev et al., 1997; Park et al., 2007). 

To test the influence of MeNHP on Arabidopsis disease resistance phenotype, we applied 

MeNHP to wild type and fmo1-1 mutant plants. Our experimental setup aimed to identify 

whether MeNHP-application, arguably due to hydrolysis to NHP, is able to rescue the fmo1-1 

susceptibility phenotype to H.a. Noco 2 and whether it is able to induce defense responses in 

wild type. The observation that both wild type and fmo1-1 mutant plants exhibited reduced 

spore growth of the oomycete pathogen underlined a role of MeNHP in plant immunity. 

Whether it may play a role in transport or storage of the NHP-signal remains to be uncovered. 

Furthermore, if MeNHP has the potential to induce systemic resistance as volatile is unknown 

too. This would harbor unknown modes of action for the novel metabolite. MeJA for example 

was found as volatile emitted by sagebrush and connected to interplant communication 

(Baldwin et al., 2006). What we could clearly show is that MeNHP can be hydrolyzed to NHP 

in Arabidopsis, as we were able to rescue NHP-levels in the biosynthesis deficient mutant 

fmo1-1 by MeNHP-application. Tamogami and colleagues made a similar observation with 

MeJA when tracking D2-labeIed MeJA. They observed labeled D2-JA, as well as, the labeled 

JA amino acid conjugates D2-JA-Ile and D2-JA-Leu from plant extracts after treatment with 

D2-labeled MeJA (Tamogami et al., 2008). The external application of MeJA enhanced plant 

resistance against herbivores (Wu et al., 2008). In addition, it resulted in changes of the 

phenolic acid content in poplar leaves (An et al., 2006). In analogy to MeSAGlc, which 

biosynthesis is dependent on UGT71C3 we were able to describe MeNHP-OGlc after external 

application of MeNHP to Arabidopsis (Chen et al., 2019). We hypothesize that MeNHP-OGlc 

is a result of reducing the artificially high cellular MeNHP-concentration after infiltration. In 

accordance therewith, we were not able to detect MeNHP-OGlc upon infection or UV-stress in 

our experiments. However, we could confirm the identity of MeNHP-OGlc from the MeNHP-

infiltration experiment with an in vitro reaction assay of MeNHP with UGT74F1. By 
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UHPLC-ESI-HRMS-analyses it was shown, that the reaction product co-eluted showing the 

same exact mass information as the MeNHP-OGlc signal obtained from the infection or UV-

stress experiments.  

Nevertheless, many questions remain unanswered concerning the biosynthesis, function and 

metabolite network of MeNHP. We were not able to present in vivo data about the biosynthesis 

of MeNHP in Arabidopsis. A promising candidate for MeNHP-biosynthesis was NHPMT1. It 

was identified by co-expression network analysis with UGT76B1 and was determined to be 

Pip and NHP-responsive (Bernsdorff et al., 2016; Yildiz et al., 2021). Additionally, NHPMT1 

expression was induced in response to H2O2 (Inzé et al., 2012). Furthermore, the fact that the 

nhpmt1 mutant plants were less sensitive to UV-stress let the gene to appear as a suitable 

candidate (Piofczyk et al., 2015). The investigated recombinant enzyme NHPMT1 showed 

indeed in vitro activity with NHP as substrate and gave us an additional layer of evidence for 

MeNHP-identification. However, the analysis of nhpmt1-1 and nhpmt1-2 mutants, as well as, 

nhpmt1-1 ugt76b1 double mutant lines led us to decline the hypothesis that NHPMT1 is solely 

responsible for the biosynthesis of MeNHP in vivo. However, it could be hypothesized, that 

redundancies in MeNHP-synthesizing MTs are present and that several NHPMTs including 

NHPMT1 are involved in MeNHP biosynthesis. Nevertheless, the closest homologue of 

NHPMT1, NHPMT1-like (At5G10830), did not show in vitro activity with NHP. Similarly, we 

were not able to detect in vitro activity with heterologous expressed and purified BSMT1 that 

is responsible for the biosynthesis of MeSA. Activity with NHP was even not detected after the 

addition of divalent cations, which reportedly are required for several MT enzymes (Chen et 

al., 2003; Chatterjee et al., 2015). Nevertheless, after another search for candidate MTs in a 

transcriptomics data set of Pip and NHP treated leaves by Bernsdorff and Yildiz, respectively, 

we found another candidate gene At1G6670. The gene is annotated as Paraxanthin 

methyltransferase 1 (PXMT1), however its transcripts were responsive to NHP-treatment 

(Bernsdorff et al., 2016; Yildiz et al., 2021). We cloned the coding sequence of full length 

PXMT1 into pET28a expression vector and heterologously expressed the enzyme in E. coli. 

After successful purification, we tested its activity with NHP in vitro and detected MeNHP in 

the enzymatic assay (Supplemental Figure 5). Therefore, redundancies in the biosynthesis of 

the novel described NHP metabolite MeNHP increase the challenges to unravel its 

biosynthesis in plants. However, at this point I would like to mention that to establish an in vivo 

relationship between an enzyme and a product molecule depends on several additional 

parameters, like compartmentalization, or local substrate availability and is not always as 

straight forward as the detection of an in vitro activity successfully converting the added 

substrate. It will be interesting to investigate the MeNHP chemotype of pxmt1 mutant plants to 

challenge, if it might play a role in the in vivo synthesis in Arabidopsis. In addition, the 
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nhpmt1-1 pxmt1 double mutant should be generated to confirm if redundancy in MeNHP-

synthesizing MTs are of relevance in planta. 

Another open question are target proteins and enzyme(s) responsible for MeNHP-signaling 

and hydrolysis to NHP. In 2005, Forouhar and coworkers described the MES for MeSA in 

tobacco, namely, SABP2 (Forouhar et al., 2005). Several MES-candidate genes were 

described in Arabidopsis, which are similar to the described SABP2 (Vlot et al., 2008). In 

addition, the MeJA-esterase belongs to the MES family (Koo et al., 2013). The enzyme family 

appears to be a likely target to investigate functional MeNHP-hydrolysis, possibly able to 

reactivate the NHP-signal without the need of de novo synthesis. Especially, because MES 

exhibit a broad substrate range (Koo et al., 2013). The discovery of MeNHP-biosynthesis now 

is a prerequisite to investigate its role in defense responses and SAR. 

In conclusion, we were able to describe novel molecules of NHP-turnover. Applying a targeted 

search for NHP-modifications and an unbiased NHP/D9-NHP-co-infiltration experiment, we 

were able to detect so far unknown NHP-derived metabolites. Via authentic standard, MSMS-

analyses and in vitro synthesis using enzymes with described ability to form O-glycosides or 

glycoside-esters we were able to strengthen compound identification. We demonstrated that 

MeNHP has the potential to induce resistance upon external application and that it can be 

converted into MeNHP-OGlc. However, if MeNHP plays a role in NHP-inactivation, its storage 

and/or transport needs to be investigated. Similarly, the role of complex glycosides, like NHP-

OGlcHex and NHP-OGlcMal, as well as, their unambiguous structural characterization remains 

to be uncovered.  

6.3 The exporter of Pip from the chloroplast remains 

unknown 

After the annotation of FMO1 to be responsible for NHP biosynthesis by Chen and coworkers 

and Hartmann and coworkers in 2018, the open question about the chloroplast-localized 

exporter required for NHP synthesis remained open. It was suggested that both SA and NHP 

biosynthesis might be dependent on functional EDS5. To share an export hub like EDS5 would 

allow the plant to control both biosynthetic pathways simultaneously. As EDS5 was proposed 

to be relevant for the chloroplastidial export during NHP biosynthesis in Arabidopsis, we 

investigated into its potential analyzing eds5-2 mutant plants in response to UV-C treatment. 

However, we were not able to confirm the observation, when we investigated the eds5-2 allele 

(Chapter III). We therefore decided to investigate into the EDS5H, which had been reported to 

not play a role in chloroplast export of isochorismate during SA-biosynthesis (Parinthawong et 

al., 2015). Nevertheless, the metabolite analysis of UV-C treated Col-0 and eds5h mutant 
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plants let us conclude that also EDS5H does not solely contribute to NHP-biosynthesis. We 

detected a similar behavior for the other transporters investigated like ALF5 and LHT7, which 

were shown to be responsive to P.s.m. infection. LHT7 in addition was an interesting candidate 

as it is annotated as lysine and histidine transporter, and Pip/NHP are lysine-derived 

metabolites that resemble a ring like structure, however not identical, as histidine. Neither the 

analysis of alf5, nor lht7 mutant plants after UV-C treatment, let suggest to be responsible for 

Pip export. Therefore, we can concluded that either the Pip exporter, which might alone be 

responsible, has not been discovered, or that several transporters share functional 

redundancies. To that point, we cannot answer this question. Maybe in the future, a transporter 

candidate will arise from a forward genetic screen that can be functionally connected to NHP 

biosynthesis.  

6.4 Future perspectives in plant immunity  

The constant strive for knowledge coupled with technical innovation of laboratory instruments 

is a driving force in molecular research. The upcoming field of machine learning will allow in-

depth metabolite analysis and identification in the future, to challenge complex metabolic 

networks in the context of an individual organism. Moreover, it will be a challenge to implement 

the information about a single organism into a more global community-based context, as for 

example the interplay between a plant and its associated microbial community (Haney et al., 

2015; Shalev et al., 2022). The resulting metabolic networks can answer questions about 

symbiotic relations beneficial for both plant and microbes. Furthermore, it will be in scope to 

describe protein-protein interactions mechanistically to gain insight in signaling cascades and 

enzymatic activity (Martin et al., 2020; Bi et al., 2021; Kumar et al., 2022). To implement the 

gathered knowledge, to develop resilient crop plants for future generations will be the major 

challenge in a quickly changing environment. 

Under controlled laboratory conditions, it may be feasible to pin down a single gene’s functions 

to a distinct thread. This may lead to unravel signaling pathways and immune responses. 

However, in a field with a changing environment and multiple influences at a time the analysis 

of a plants immune response will be challenging. The fact that several stressors may threat a 

plant simultaneously requires strictly regulated pathways that depend on a tight interplay. The 

complexity of different influences on the plant fitness suggests that general defense 

mechanisms for activation and inactivation maybe useful, as for example UGT76B1 

transcription is upregulated upon diverse abiotic and biotic stresses (von Saint Paul et al., 

2011). However, to explain response mechanisms of plants may not be as straight forward as 

the model that SA/NHP confer the response to biotrophic pathogens and JA/ET the response 
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to nectrotrophic pathogen suggests (Thomma et al., 1998; Glazebrook, 2005). For example 

insect eggs of Pieris brassicae trigger systemic resistance against both necrotrophic Botrytis 

cinerea and (hemi-)biotrophic P. syringae and oomycete H.a. Noco 2 (Alfonso et al., 2021). 

Oviposition of P. brassicae triggers SA and Pip accumulation in Arabidopsis (Bruessow et al., 

2010; Hilfiker et al., 2014). Furthermore, oviposition triggers SAR against different P. syringae 

strains on the host and on neighboring plants (Hilfiker et al., 2014; Orlovskis and Reymond, 

2020). Alfonso and colleagues connected the activation of defense responses to oviposition 

and egg-extract treatment with SA and NHP dependency (Alfonso et al., 2021). This 

observation matches the model that SAR depends on both NHP and SA. Nevertheless, it is 

surprising that a necrotrophic pathogen like Botrytis is challenged by this immune response. 

The authors suggest involvement of tryptophan-derived molecules, like camalexin, showing 

that the biosynthesis deficient mutant phytoalexin deficient 3 (pad3) is unable to establish 

successful defense (Alfonso et al., 2021). This example, however illustrates the diversity and 

complexity of responses contributing to successful defense. Liu and coworkers investigated 

into a similar direction to understand SA and JA-crosstalk in the response to biotrophic 

pathogens (Liu et al., 2016). They were able to show that the SA-receptor molecules NPR3 

and NPR4 are able to interact with JAZ-proteins promoting JAZ-degradation, therefor 

activating a JA-mediated defense response (Liu et al., 2016). Which, appears to be counter 

intuitive, taking SA and JA-antagonism into account. Nevertheless, the authors argue that 

activation of both pathways enables PCD against the invading biotrophic pathogen, without 

increased vulnerability against necrotrophic pathogens (Liu et al., 2016). This model would 

also allow to explain the observations by Alfonso and colleagues of successful resistance 

against both biotrophes and necrotrophes, who identified npr1-1, SA- and NHP-signaling to be 

required for the successful immune response against Botrytis. SA and Pip treatment alone 

however, was insufficient to induce resistance against Botrytis (Alfonso et al., 2021). In 

conclusion, it will be a future goal to further understand these mechanisms in response to 

complex stresses and to be clear about individual specificities when comparing one and other 

organisms.  

State-of-the-art structural biochemistry methods like cryo-electron microscopy in combination 

with x-ray crystallography allow investigating protein complexes in ligand-bound states and 

protein-protein interactions. Recent insight into the structural basis of NPR1 in TGA-mediated 

transcriptional reprogramming suggests a tandem-like dimer conformation to bind two 

proximate activation sequence-1 promoter elements (Kumar et al., 2022). The dimeric NPR1 

bridging two fatty-acid-bound TGA3 dimers forming an “enhanceosome” adds a novel aspect 

to understanding NPR1-mediated immunity (Kumar et al., 2022). Furthermore, it is another 

example of multi protein complexes that contribute to plant immunity. In the plant immunity 

field, it comes into focus to understand protein-protein interactions that lead to novel functions 
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including but also beyond enzymatic activity in the context of resistosomes. As already 

mentioned during the introduction, CNL-resistosomes are multi protein complexes able to form 

pores in the plasma membrane to enable calcium fluxes (Bi et al., 2021). Similarly, TNL-

resistosomes were shown to gain novel enzymatic functions when oligomerized (Horsefield et 

al., 2019; Wan et al., 2019b). Due to this recent research progress there are still novel defense 

related compounds discovered. The AMP-based molecules, which production is catalyzed by 

TIR-containing proteins, 2’-(5’’-phosphoribosyl)-5’-adenosine mono-/di-phosphate (pRib-

AMP/ADP), are proposed to interact directly with the central protein complex EDS1-PAD4 

(Huang et al., 2022). The interaction results in conformational changes in the complex and 

enables enhanced protein-protein interaction with the helper NLR ACTIVATED DISEASE 

RESISTANCE 1-LIKE 1 (ADR1-L1) (Huang et al., 2022). Jet two other molecules, ADP-

ribosylated-ATP and di-ADP-ribose, specifically bind to EDS1-SAG101 to promote 

N REQUIREMENT GENE 1A (NRG1A)-interaction (Jia et al., 2022). The phenomenon to 

make use of cADPR to overcome infection appears to be conserved in different kingdoms. 

Bacterial organisms share a common defense mechanism against virus infection (Leavitt et 

al., 2022). 

To detect and describe the plethora of metabolites within an organism responding to stress, 

will be a major task for the future in metabolomics. So far, some metabolites as for example 

complex phosphorylated molecules are still hard to detect. In addition, compound identification 

is still a major challenge in non-targeted mass spectrometry. Novel approaches combining LC-

MS with nuclear magnetic resonance spectroscopy may allow broad-spectrum compound 

identification and annotation in the future (Letertre et al., 2020). Until now, it was not possible 

to describe a whole metabolome for any organism (Viant et al., 2017). However, continues 

progress in the development of mass spectrometry based analytics including standardized 

data deposition in repositories will enhance data interpretation in the future (Haug et al., 2017; 

Alseekh et al., 2021). Furthermore, multi omics approaches combining transcriptome with 

metabolome analysis already enable system interpretation at several layers of information, and 

will be helpful to understand complex relationships, especially analyzing plants in the field 

(Kasper et al., 2022). Designing experimental setups to detect novel metabolites, by providing 

a pair of native and the respective labelled compound, like the co-infiltration studies performed 

in this work are an additional way to identify novel metabolites and to tackle identification. 
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6.5 Concluding remarks 

All things considered, research on plant immunity is still a fast growing and developing field, 

trying to focus on linear mechanisms in response to distinct stresses. Still not everything is 

clear, understanding the linear routes of signal transduction, however great progress has been 

achieved since the discovery that SA is a central molecule in immune responses against 

biotrophic pathogens. The discovery and annotation of Pip and NHP to fulfill a role in the 

immune network marks another achievement. Today we have a general understanding of 

pathogen recognition and cellular response mechanisms. In addition, we mostly understand 

biosynthetic routes of pathogen resistance mediating hormones SA, Pip/NHP and JA-Ile. In 

terms of SA or JA-Ile, we understand routes of signal proliferation via NPR1 and NPR3/4 or 

the SCF/COI1 protein complexes, respectively. So far, no receptor complex for Pip or NHP 

was described. Similarly, the downstream metabolic networks of SA and JA were intensively 

described, including most of the responsible enzymes for turnover. Recent identification of 

UGT76B1 as the enzyme synthesizing NHP-OGlc marks the first enzyme to metabolize NHP 

to NHP-OGlc. By mutant analyses, it could be shown that UGT76B1 has a great impact on 

plant immunity. By the identification of NHP-GE, MeNHP and NHP complex glycosides, the 

field is now open to investigate the enzymatic routes and function of downstream molecules. 
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8. Supplemental materials 



Supplemental figure 1: Comparison between in vitro activity assay with UGT74F2 and UGT76B1 with NHP. 

To test the ability of UGT74F2 to glycosylate NHP to NHPGE, to be able to compare retention time differences 

between NHPGE and NHP-OGlc, we set-up an in vitro reaction in 100 mM Tris/HCl pH=7.8 with 0.5 mM NHP 

0.5 mM UDP-Glc and 100 µg purified UGT74F2. The reaction was incubated for overnight at 30 °C. The reaction 

was stopped by adding 50 µL methanol. The sample was centrifuged and the supernatant was given to an LC-MS 

vial. The sample was analyzed using UHPLC-ESI-HRMS. (A) shows the extracted ion chromatogram (EIC) of 

m/z 308.134 in the UGT74F2 full in vitro reaction, RT= 1.87 min. The signal retention time corresponds to NHPGE. 

(B) shows the EIC of m/z 308.134 in the UGT74F2 in vitro control reaction with boiled enzyme for inactivation. (C) 

shows the EIC of m/z 308.134 in the UGT76B1 full in vitro reaction. The signal retention time corresponds to NHPO-

Glc, RT= 2.12 min.  

 

Supplemental figure 2: In vitro activity assay with UGT76B1 and scopoletin. To test the ability of UGT76B1 to 

glycosylate scopoletin to scopolin we set-up an in vitro reaction in 100 mM Tris/HCl pH=7.8 with 0.5 mM scopoletin 

0.5 mM UDP-Glc and 20 µg purified UGT76B1. The reaction was incubated for 30 min at 30 °C. The reaction was 

stopped by adding 25 µL acetonitrile. The reaction was centrifuged and the supernatant was given to an LC-MS 

vial. The sample was analyzed using UHPLC-ESI-HRMS. (A) shows the total ion chromatogram of the reaction 

sample. The corresponding signals to scopoletin and scopolin are labeled. (B) shows the ion spectrum at retention 

time 4.654 min, according to scopoletin [M-H]- 191.037. (C) shows the ion spectrum at retention time 3.448 min, 

according to scopolin [M+COOH]- 399.096 and the in source fragment m/z 191.036 (scopoletin). 
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Supplemental figure 3: Time course of NHP metabolites after UV-C treatment. Col-0 plants were treated with 

UV-C for 20 min and incubated at long day conditions. Samples were harvested after 0, 2, 4, 6, 8, 10 and 24 hours 

post UV treatment (hpUV). (A) Relative signal intensities of NHP (white), NHP-OGlc (grey) and MeNHP (orange) 

are shown over the time course. Y-axis brake from 4.5x105 cps to 9.5x105 cps. (B) Relative signal intensities of 

NHP-OGlcHex (white) and NHP-OGlcMal (grey) are shown over the time course. Data represent mean signal 

intensity plus standard deviation, n= 3 individual pool of leaves. 

 

Supplemental figure 4: Time course of SA and SAG after UV-C treatment. Col-0 plants were treated with UV-C 

for 20 min and incubated at long day conditions. Samples were harvested after 0, 2, 4, 6, 8, 10 and 24 hpUV. 

Relative signal intensities of NHP (white), NHP-OGlc (grey) and MeNHP (orange) are shown over the time course. 

Data represent mean signal intensity plus standard deviation, n= 3 individual pool of leaves. Y-axis brake from 

2x105 cps to 3x105 cps. 
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Supplemental figure 5: In vitro activity assay with PXMT1 and NHP. To test the ability of PXMT1 to methylate 

NHP to MeNHP we set-up an in vitro reaction in 20 mM Tris/HCl pH=7.8 with 0.5 mM NHP 0.5 mM SAM and 100 µg 

purified PXMT1. The reaction was incubated overnight at 30 °C. The reaction was stopped by adding 50 µL 

methanol. The reaction was centrifuged and the supernatant was given to an LC-MS vial. The sample was analyzed 

using UHPLC-ESI-HRMS. (A) EIC of m/z 160.097 corresponding to MeNHP from the PXMT1 in vitro assay with 

function enzyme. (B) EIC of m/z 160.097 corresponding to MeNHP from the control reaction with boiled PXMT1.  
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