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1 Introduction 

Proper plant growth and development are intricately regulated by a group of bioactive compounds 

known as plant hormones (phytohormones). These substances function optimally within a narrow 

concentration range, necessitating strict regulation of their levels in plant cells and organs. This 

regulation primarily occurs through biosynthesis, metabolism and transport mechanisms.  

Among the diverse groups of phytohormones, auxins were the first to be identified owing to 

their profound effects on plant tropisms.  Two essential endogenous auxins are indole-3-acetic acid 

(IAA) and phenylacetic acid (PAA). These compounds exhibit biological active only in their free, 

unconjugated form. Enzymatic reactions produce metabolites that serve as temporary storage and 

transport forms, as well as degradation products. This conversion occurs either through irreversible 

oxidation of IAA to 2-oxo-indole-3-acetic acid (oxIAA) or reversible conjugation with amino acids 

and sugars. In the presence of GRETCHEN HAGEN 3 (GH3) family enzymes, IAA and oxIAA form 

amides, primarily (ox)IAA-aspartate and glutamate. Another important pathway involves reversible 

glycosylation by the uridine diphosphate glucosyltransferases, UGT84B1 and UGT74D1, resulting in 

indole-3-acetyl-1-O-ß-d-glucose (IAA-glc) and its oxidised form 2-oxindole-3-acetyl-1-O-ß-d-glucose 

(oxIAA-glc), respectively. 

In most plant species, the auxin PAA is found at higher levels than IAA. However, the 

concentration required to induce an auxin response is significantly higher for PAA. Consequently, 

PAA has received less research attention, and its metabolism remains relatively unexplored. So far, 

the metabolism of PAA and IAA appears quite similar, as the same enzymes catalyse the synthesis 

of identical conjugates. Currently, only three metabolites (PAA-aspartate, PAA-glutamate and PAA-

tryptophan) have been identified in plants. Although in vitro studies have demonstrated the 

conjugation of PAA with glucose by the enzyme UGT84B1, this compound has not yet been found 

in planta. 

 Delving deeper into the complex world of phytohormones can uncover their role in plant growth 

and development. Therefore, this doctoral thesis aims to broaden our understanding of auxin 

metabolic pathways across various plant species and their organs by sensitive mass spectrometry 

methods.  
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2 Aims and scope 

In recent years, many new discoveries have been made in the field of auxin metabolism, expanding 

our knowledge about conjugates and catalysing enzymes. However, most of this research is 

connected to IAA and Arabidopsis thaliana as a model plant. Therefore, this doctoral thesis aims to 

broaden the understanding of these processes in two endogenous auxins (IAA and PAA) across 

various land plant species and their organs.  

 

The main aims described in this thesis are as follows: 

 

• Identification of novel IAA and PAA metabolites in plants by liquid chromatography coupled 

with tandem mass spectrometry (LC-MS/MS). 

 

• Complex IAA and PAA metabolite profiling in various land plant species and their organs by 

previously developed LC-MS/MS methods.  

 

• Understanding the regulatory mechanism of PAA metabolism by elucidating catalysing 

enzymes and pathways complementarity. 

 

• Developing extraction and detection methods for newly synthesized synthetic auxins with 

anti-auxin activity and utilizing this method to measure the uptake and stability of these 

compounds in plants. 
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3 Literature review 

3.1 Plant hormones 

Plant development from seed germination to senescence is controlled by a chemically diverse 

group of molecules known as plant hormones or phytohormones (Davies, 2010). These compounds 

can be divided into several groups based on their structure. Among them are “stress” hormones, 

such as abscisic acid, jasmonates, and salicylic acid, which mainly mediate biotic and abiotic stress 

responses in various plant organs and tissues. The “growth” hormones are responsible for 

physiological functions in plant development. Into this group auxins, cytokinins, gibberellins, 

brassinosteroids and others can be placed. Although it is important to say, that all of them may 

have a physiological function during plant development and also work as stress signalling 

molecules. Unlike animal hormones, phytohormones are not synthesized in specific glands, and 

their specificity of action is much broader (Davies, 2010). Their function can range from activation 

to inhibition depending on their concentration or interaction with other hormonal groups. 

The following chapters will focus on the auxins, including a detailed description of their activity, 

homeostasis, signal transduction and analytical analysis. 

 

3.2 Auxin in history 

The history of the auxin’s discovery begins in the nineteenth century, when Charles Darwin and his 

son Francis observed the effect of light on the growth of the coleoptiles of the canary grass (Phalaris 

canariensis L.) (Darwin and Darwin, 1880). When the coleoptile was illuminated by light from one 

side, there was a subsequent bending and growth towards the light. However, when the tip of the 

coleoptile was covered, this phenomenon did not occur. Based on these results, Charles Darwin 

formulated a hypothesis which postulates the appearance of a certain signal in the tip of the 

coleoptile which propagates further to the point of bending.  

His work was later followed up by Boysen-Jensen (1911) with an experiment in which he inserted 

an agar block between the cut tip of the coleoptile and the rest of the plant. Even after the block 

insertion, the coleoptile bended towards the light, confirming that signal molecules were 

responsible for the phototropism. He later developed this theory by inserting an impenetrable mica 

layer into the agar block. When the layer was inserted on the illuminated side, bending occurred, 

but when inserted on the non-illuminated side, the signal was stopped and no phototropism was 

observed (Boysen-Jensen, 1913). This diffusive signal was first isolated by Frits Went (1926), who 

placed freshly cut coleoptile tips of Avena sativa on agar blocks for several hours, later attached 
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them back on the coleoptiles and moved them to the dark. In all these plants, the coleoptiles started 

to bend, and therefore confirming the existence of the signal molecule. 

Thanks to this agar-bending assay, this molecule was first identified in human urine and given 

the name auxin, based on the Greek word "auxein" meaning to increase or grow (Kögl and Haagen-

Smit, 1931). Chemically, auxin indole-3-acetic acid (IAA) was firstly isolated from a fungus – 

Rhizopus in 1935 (Thimann, 1935) and later from a cornmeal in 1942 (Haagen-Smit et al., 1942), 

which was a first successful isolation from a plant material.  

In the following decades, the development of analytical techniques, as thin-layer 

chromatography or gas chromatography, enabled the identification and quantification of IAA and 

its precursors and metabolites across plant kingdom (Schneider and Wigthman, 1974). During this 

time, several other naturally occurring auxins were identified, as 4-chloroindole-3-acetic acid (4-Cl-

IAA) and its methylester, which were isolated from an immature seed of pea (Marumo et al., 1968) 

(Fig. 1). Another compound, which was found to have an auxin activity, was phenylacetic acid (PAA) 

(Haagen-Smit and Went, 1935). This molecule was firstly isolated from an aqueous extract of 

etiolated seedlings of Phaseolus and later detected in many plant species (Okamoto et al., 1967). 

Highly discussed naturally occurring auxin is indole-3-butyric acid (IBA), which was believed to be 

an endogenous compound in many plant species (reviewed in Korasick et al., 2013). However, in 

more recent studies, the occurrence of this molecule in plants was questioned as multiple 

laboratories were not able to identify it in samples from Arabidopsis, Populus, and wheat (Novák et 

al., 2012; Frick and Strader, 2018). Important question remains, whether the accumulation of IBA 

cannot be affected by growth conditions or extraction and purification methods, which is on the 

other hand unlikely, due to the good recovery of the isotopically labelled IBA internal standard (IS) 

during these processes (Novák et al., 2012).  

 

 

Fig. 1: Structures of endogenous auxins. Abbreviations: 4-Cl-IAA, 4-chloroindole-3-acetic acid; IAA, indole-3-acetic acid; 

PAA, phenylacetic acid. 
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3.3 Synthetic auxins 

Auxin can be defined by various definitions. In a broader context, auxins are weak organic acids 

containing an aromatic ring with an attached carboxyl group, which needs to be at a distance of 

0.55 Å, in order to be biologically active (Sauer et al., 2013).  

Over the past 80 years, significant efforts have been made to improve our understanding of 

auxin activity through the synthesis of numerous synthetic compounds. Dating back to the 1940s, 

laboratories have successfully synthesised derivatives of IAA such as 2,4-dichlorophenoxyacetic 

acid (2,4-D), 3,6-dichloro-2-methoxybenzoic acid (dicamba) and 1-naphthalene acetic acid (1-NAA) 

(Cobb, 1992) (Fig. 2). These molecules offer advantages over endogenous auxins due to their 

enhanced stability in the light and within plants, as opposed to the rapid conjugation and 

degradation typically observed with IAA (Woodward and Bartel, 2005). However, the reduced 

degradation rate of these synthetic compounds can lead to their accumulation in plants, potentially 

resulting in toxicity at higher concentrations, as this property has been exploited in herbicide 

development and agricultural applications (Grossmann, 2010). 

Another, different group, forms synthetic auxins with an anti-auxin activity. Among these 4-(2,4-

dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoic acid (auxinole), 4-([1,1’-biphenyl]-4-yl)-2-(1H-

indol-3-yl)-4-oxobutanoic acid (BP-IAA), and 2-(1H-Indol-3-yl)-4-oxo-4-phenylbutanoic acid (PEO-

IAA) were prepared (Hayashi et al., 2012; Žukauskaitė et al., 2023). These molecules competitively 

bind to the main IAA receptor - TRANSPORT INHIBITOR RESPONSE 1 (TIR1), and therefore reversibly 

block the IAA signalling pathway (Hayashi et al., 2012). 

A completely different approach to synthetic auxin analogues is their fluorescently labelled 

relatives. These molecules provide an excellent tool for visualising auxin distribution from 

subcellular compartments to whole plants. To be effective at auxin receptors, these molecules 

require a planar aromatic ring with an attached carboxyl chain, where the choice of the labelling 

site, the spacer length and the fluorophore used is crucial (Bieleszová et al., 2019). So far, several 

fluorophores have been attached to these molecules, such as nitrobenzoxadiazole (NBD) (Hayashi 

et al., 2014; Bieleszová et al., 2019) or fluorescein isothiocyanate (Sokolowska et al., 2014).  
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Fig. 2: Structures of synthetic auxins. The first row represents compounds with auxin activity, the second row shows 

molecules with anti-auxin activity and the third row shows fluorescently labelled auxin derivative NBD-IAA. Abbreviations: 

1-NAA, 1-naphthalene acetic acid; 2,4-D, 2,4-dichlorophenoxyacetic acid; Auxinole, 4-(2,4-dimethylphenyl)-2-(1H-indol-

3-yl)-4-oxobutanoic; Dicamba, 3,6-dichloro-2-methoxybenzoic acid; NBD-IAA, nitrobenzoxadiazole-indole-3-acetic acid; 

acid; PEO-IAA, 2-(1H-Indol-3-yl)-4-oxo-4-phenylbutanoic acid. 

 

3.4 Auxin biological roles 

Assessing the full effects of auxins during plant development is a challenging task. Auxins, and IAA 

in particular, affect a wide variety of processes, starting at the cellular level and ending with the 

whole plant response to an environmental stimulus. To further complicate the tangled web of 

effects that auxins have on the plant, many of these are influenced by the interaction of auxins with 
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other phytohormones such as ethylene and cytokinins, which together regulate root architecture 

and development (Schaller et al., 2015; Liu et al., 2017). 

 One of the earliest known effects of IAA is its ability to mediate cell growth elongation. Applying 

exogenous IAA affects stem and coleoptile growth after a short lag phase of 12-15 minutes followed 

by 15-20 minutes of accelerated growth rate (Fuente and Leopold, 1970).  This rapid growth is made 

possible by the ability of auxin to activate ATPases on a cytoplasm membrane, which cause 

acidification of the cell's internal environment, by pumping hydrogen ions to the cell. In this acidic 

environment, proteins that loosen the cell wall are activated, and its subsequent enlargement leads 

to the activation of potassium channels that diffuse K+ ions into the cell, thereby raising water 

uptake and causing cell enlargement by increasing turgor (Majda and Robert, 2018).  

 Acidic auxin growth, coupled with polar auxin transport, is used in many physiological processes 

such as phototropism and gravitropism (Davies, 2010). Due to their chemical composition, auxins 

are capable of moving short distances within plants via polar transport mechanisms.  Within the 

intercellular space, at a slightly acidic pH, big portion of IAA is in its protonated, uncharged state. 

However, upon entering a cell, where the pH is neutral, IAA is deprotonated and prevented from 

leaving the cell, unless actively transported by PIN proteins (PINs) or ATP-binding cassette-B (ABCB) 

auxin exporters (Han et al., 2021). These proteins have the ability to move within the cell, 

embedding themselves in the cytoplasmic membrane and thereby dictating the direction of auxin 

flow throughout the plant (Petrášek et al., 2006). Upon exposure to blue light, receptors called 

phototropins are activated (Huala et al., 1997; Christie et al., 1998), and stimulate the translocation 

of PIN proteins to the cytoplasmic membrane facing away from the light source, thereby promoting 

the efflux of IAA towards the basal part of the tissue (Liscum et al., 2014). Consequently, auxins 

accumulate in the shaded region of the organ and trigger its curvature by acidic auxin-mediated 

growth. A similar mechanism underlies gravitropism in roots, where the root columella is composed 

of cells containing starch-filled plastids known as statoliths. These statoliths move across the cell 

through a gravity manner, eliciting the relocation of PIN proteins in the cytoplasmic membrane 

(Leitz et al., 2009), and inducing polar auxin transport (Adamowski and Friml, 2015). Overall, auxins 

regulate many developmental and growth processes including apical dominance, root initiation, 

leaf senescence and abscission, flowering, and fruit ripening and abscission (as thoroughly reviewed 

in Davies, 2010). 

 Auxin is responsible for both developmental processes and responses to biotic or abiotic stress. 

In mildly elevated temperatures, acclimation responses are governed by a process called 

thermomorphogenesis (Delker et al., 2022), which is driven by auxin signalling and biosynthesis. 

Auxin regulates pollen and anther development (Yao et al., 2018), but after passing a critical 
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temperature threshold, pollen development is disrupted, leading to male sterility possessing a 

threat to global food supplies (Jing et al., 2023).  

 High salinity stress alters auxin biosynthesis, transport, and signalling. It has been found that 

overexpressing auxin biosynthetic genes leads to improved salt tolerance in plants (Kim et al., 2013; 

Ke et al., 2015). Additionally, suppressing the function of GRETCHEN HAGEN 3 (GH3) enzymes, 

which are responsible for auxin conjugation with amino acids and therefore its deactivation, also 

contributes to this improvement (Koochak and Ludwig-Müller, 2021; Casanova-Sáez et al., 2022). 

In addition, polar auxin transport mediated by auxin transporters is responsible for the root's 

escape from high salinity concentrations (van den Berg et al., 2016). Similarly, increasing auxin 

levels during drought stress can enhance resistance (Lee et al., 2012; Kim et al., 2013). To maintain 

water potential and support main root growth, local auxin maxima are created, supressing cell 

elongation and arresting the emergence of lateral roots (Korver et al., 2018). 

 

3.5 Auxin signalling and perception 

In cells, auxins bind to intracellular receptors to initiate a signal transduction cascade that leads to 

gene expression. Upon entering the cell, auxins bind to the nuclear TIR1 receptor, which contains 

AUXIN SIGNALING F-BOX proteins (AFB) (Fig. 3). The AFB proteins then bind with members of the 

Aux/IAA transcriptional repressor family (Tan et al., 2007). The reaction results in the complex 

ubiquitination and release of the AUXIN RESPONSE FACTOR (ARFs), which then promote 

transcription (Korasick et al., 2014). 

 Several tir1/afb genes were identified in plants, mosses, algae, and spermatophytes (Parry et 

al., 2009). These genes encode TIR1/AFB proteins family that contribute redundantly to various 

biological processes, such as the regulation of primary and secondary metabolism, seed and root 

development, cell proliferation, and immunity or stress responses (Du et al., 2022). F-box proteins 

are subunits of SCF-type ubiquitin protein ligase complexes. These complexes transfer activated 

ubiquitin from a ubiquitin activating enzyme to target proteins (Smalle and Vierstra, 2004; Leyser, 

2018). After auxin binds to the TIR1/AFB receptor, the protein domain II of the Aux/IAA proteins 

binds across the pocket mouth. This complex is then ubiquitinated and degraded by SFC protein 

ligase. To make things more complicated, in Arabidopsis, there are a total of 29 Aux/IAAs (Paponov 

et al., 2008). Calderón Villalobos et al., (2012) found that different TIR1/AFB-Aux/IAA pairs have 

varying affinities to different auxins, resulting in a wide range of Aux/IAA lifetimes, and therefore 

various lengths of effect. 

 The Aux/IAA proteins contain a conserved EAR domain, which recruits corepressors of the 

TOPLESS family to promoters for chromatin remodelling and stabilizing transcriptional repression 
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(Szemenyei et al., 2008). The ARF transcription factors mediate the binding to DNA by forming 

dimers with Aux/IAA proteins (Guilfoyle, 2015).  These factors then bind to the auxin responsive 

elements and prevent gene transcription.  

 

 

Fig. 3: Scheme of subcellular IAA transport and signalling. Arrows represent IAA transport direction with corresponding 

transporters. In a nucleus, activated auxin receptor signalling pathway is depicted. Auxin binds to TIR1 receptor, which 

contains AFB. This complex then reacts with members of the Aux/IAA transcriptional repressor family, which results in the 

complex ubiquitination and release of the ARFs, which then promote transcription of auxin related genes. Abbreviations: 

ABCB, ATP-binding cassette-B; ABP1, AUXIN-BINDING PROTEIN 1; AC, adenylate cyclase; AFB, AUXIN SIGNALING F-BOX 

proteins; ARFs, AUXIN RESPONSE FACTORs; ATP, adenosine triphosphate; AUX1, AUXIN RESISTANT 1; cAMP, cyclic 

adenosine monophosphate; ER, endoplasmic reticulum; IAA, indole-3-acetic acid; LAX, LIKE AUX; PINs, PIN proteins; TIR 1, 

TRANSPORT INHIBITOR RESPONSE 1. 

 

 Recently, it was discovered that the TIR1/AFB pathway has adenylate cyclase (AC) activity. In 

vitro, auxin stimulates the AC activity of TIR1/AFB receptors, and auxin treatment also steadily 

increases cAMP levels in roots (Qi et al., 2022). Knockdown mutations in this AC domain arrested 

AC activity but did not affect TIR1 function towards Aux/IAAs. However, they did affect the TIR1 

function in mediating sustained root growth inhibition and auxin-induced transcription (Qi et al., 

2022). 
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 Several auxin-related processes occur too rapidly to involve this transcription-regulating 

pathway. Examples of such rapid processes include rearrangement of the microtubule cytoskeleton 

(Adamowski et al., 2019), inhibition of PIN endocytic recycling (Paciorek et al., 2005), and 

alkalization of the apoplast due to Ca2+ influx (Monshausen et al., 2011).  The fast response 

reactions were believed to be mediated by the auxin receptor AUXIN-BINDING PROTEIN 1 (ABP1), 

which is mainly present in the ER and apoplast. This belief was further confirmed by the embryo 

lethality phenotype of the abp1-knockout mutant (Chen et al., 2001). However, later findings have 

shown that the embryo lethality was not due to the disruption of the abp1 gene, but rather the 

neighbouring bsm gene (Michalko et al., 2015). This finding has raised serious doubts about the 

relevance of the ABP1 signalling pathway, which remains under investigation, as these rapid 

responses have also been shown to be mediated by the TIR1/AFB pathway (Li et al., 2021). 

 Auxin is also responsible for mediating cell-cycle regulation, as found by Chen et al., (2001). 

Jurado et al., (2010) proposed the S-PHASE KINASE-ASSOCIATED PROTEIN 2A (SKP2A) receptor as a 

potential target for this process. This receptor is responsible for the degradation of the transcription 

factors EF2C and DPB, allowing the cell to transition from G1 to S phase (del Pozo et al., 2006; Jurado 

et al., 2008). The role of SKP2A, EF2C and DPB in this signalling pathway has been further confirmed 

by the ubiquitination process that results from the active addition of auxin (Jurado et al., 2010). 

 

3.6 Auxin homeostasis 

To ensure proper functioning, it is necessary to maintain auxins within a precise concentration 

range. Early research in the phytohormonal field has shown that excessive levels of auxins can 

inhibit growth processes (Thimann, 1937). These concentrations are tightly regulated through 

various mechanisms, including de novo hormone biosynthesis, metabolism, and transport. 

Endogenous auxins demonstrate biological activity only in their free form with conjugation leading 

to their rapid deactivation and degradation, facilitating straightforward regulation. The following 

chapters will provide detailed insights into these processes, with a specific focus on the biosynthesis 

and metabolism of IAA and PAA. 

 

3.6.1 IAA biosynthesis 

The biosynthesis of indole-3-acetic acid (IAA) commences with the amino acid L-tryptophan (L-Trp), 

which can be indirectly metabolized to IAA through several redundant metabolic pathways. Unlike 

animals, plants and bacteria are capable of synthesizing aromatic amino acids such as L-Trp,  

L-phenylalanine (L-Phe), and L-tyrosine via the shikimate pathway (Maeda and Dudareva, 2012). 
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This pathway is named after the first identified intermediate, shikimate (Bohm, 1965), which is 

metabolized through other intermediates to chorismate and finally L-Trp (Bentley, 1990) (Fig. 4). 

 

 

Fig. 4: Scheme of IAA biosynthesis. The solid line arrows represent pathways with discovered enzymes, which are 

described by a white text in a black or purple box. The dashed arrows represent predicted biosynthetic pathways. 

Abbreviations: AMI1, indole-3-acetamide hydrolase 1; CYP, CYTOCHROME P450; ER, endoplasmic reticulum; IAA, indole-

3-acetic acid; IAAld, indole-3-acetaldehyde; IAM, indole-3-acetamid; IAN, indole-3-acetonitrile; IAOx, indole-3-

acetaldoxime; IPyA, indole-3-pyruvic acid; L-Trp, L-tryptophan; NIT, nitrilases; TAA1, TRYPTOPHAN AMINOTRANSFERASE 

OF ARABIDOPSIS 1; TARs, TRYPTOPHAN AMINOTRANSFERASE-RELATED. 

 

The primary biosynthetic pathway in plants involves the deamination of L-Trp to indole-3-pyruvic 

acid (IPyA) by TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1/TRYPTOPHAN 

AMINOTRANSFERASE-RELATED (TAA1/TARs) enzymes. This step is followed by the direct 

decarboxylation of IPyA to IAA by flavin-containing monooxygenases from the YUCCA family 

(Mashiguchi et al., 2011). This irreversible reaction is a rate-limiting step in IAA biosynthesis, 

controlling endogenous levels (Zhao et al., 2001). Studies on taa1/tars and yucaQ Arabidopsis 

knockout lines have provided evidence supporting the importance of this pathway, as they exhibit 

auxin deficient phenotypes (Stepanova et al., 2008; Yamada et al., 2009; Chen et al., 2014).  

Another biosynthetic pathway involves conversion of L-Trp to indole-3-acetaldoxime (IAOx) by 

enzymes from the cytochrome P450 (CYP) family - CYP79B2 and CYP79B3 (Hull et al., 2000; 
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Mikkelsen et al., 2000). These enzymes were however detected only in the Brassicaceae family, and 

therefore this pathway is only relevant in those species (Sugawara et al., 2009). Although, IAOx is 

an important precursor of glucosinolates (Sønderby et al., 2010) and camalexin (Nguyen et al., 

2022), which serve as a defensive compound, its conversion to IAA is still not completely explained 

(Casanova-Sáez et al., 2021). An attempt to elucidate this metabolic conversion was performed by 

Sugawara et al., 2009, who conducted experiments using 13C6 labelled IAOx on cyp79b2 cyp79b3 

deficient Arabidopsis mutants. The incorporation of the 13C6 label was observed in indole-3-

acetamide (IAM), indole-3-acetonitrile (IAN) and IAA, thereby confirming the role of IAOx in IAA 

synthesis. These mutant lines exhibited significantly reduced endogenous levels of IAN, however, 

supplementation with IAOx resulted in the rescue of IAN levels, indicating their significant 

involvement downstream of this metabolic pathway. Furthermore, the conversion of IAN to IAA by 

nitrilases (NIT) has been demonstrated (Lehmann et al., 2017). 

Although the role of IAM in the IAA biosynthetic pathway in plants is not fully understood, it has 

been well-described in several bacterial species that induce gall tumors on host plants (Thomashow 

et al., 1984; Manulis et al., 1998). This pathway involves the conversion of L-Trp to IAM by the 

enzyme L-tryptophan 2-monooxygenase, followed by deamination to IAA by indole-3-acetamide 

hydrolase (AMI) (Patten et al., 2013). Reports suggesting this IAOx-independent pathway in plants 

have been supported by the detection of IAM outside the Brassicaceae family in multiple studies 

(Sugawara et al., 2009; Novák et al., 2012). Additionally, plant AMI hydrolases capable of 

hydrolysing IAM in vitro and in vivo have been identified in Arabidopsis (Pollmann et al., 2003; Gao 

et al., 2020).  

The last biosynthetic pathway arising from L-Trp is a matter of debate. It involves the conversion 

of L-Trp to tryptamine, which is then oxidized to indole-3-acetaldehyde (IAAld) and subsequently 

to IAA (Quittenden et al., 2009). The enzyme responsible for the conversion of IAAld to IAA was 

initially thought to be ARABIDOPSIS ALDEHYDE OXIDASE 1 (Seo et al., 1998). However, the aba3 

mutant, which is unable to synthesise the cofactor of this enzyme, did not exhibit any auxin-

deficient phenotype and did not show accumulation of IAAld (Mashiguchi et al., 2011). Therefore, 

IAAld was excluded, as an orphan intermediate in auxin biosynthesis (Korasick et al., 2013). 

Interestingly, this pathway has been overlooked in recent years, as the most recent reviews on 

auxin biosynthesis completely neglect it (Casanova-Sáez et al., 2021; Solanki and Shukla, 2023). 

Although, most of the IAA appears to by synthetized via a L-Trp dependent pathway, there have 

been reports of L-Trp independent pathway. The initial evidence was presented by Normanly et al., 

(1993), who observed a higher enrichment of 15N in IAA compared to L-Trp in trp1-2 mutant grown 

on media containing 15N labelled L-Trp precursor anthranilate. Subsequent evidence came after 

discovering, that ins-1 mutants, bearing null mutation in indole synthase responsible for indole 
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synthesis from indole-3-glycerol phosphate, exhibited reduced levels of IAA (Wang et al., 2015). 

However, mutant lines defective further downstream in the L-Trp biosynthetic pathway showed 

decreased levels of L-Trp levels, but increased levels of IAA (Radwanski et al., 1996). All this work 

was later critically evaluated, and all these results were questioned, as they could potentially be 

explained by the L-Trp dependent pathway alone (Nonhebel, 2015).  

 

3.6.2 PAA biosynthesis 

The synthesis of phenylacetic acid (PAA) originates from its precursor L-Phe and appears to 

follow a similar process to that of indole-3-acetic acid (IAA) biosynthesis, although probably 

catalysed by different enzymes (Fig. 5). Recent research has identified the arogenate dehydratase 

group as a key regulator of PAA levels in Arabidopsis, highlighting the importance of the L-Phe-

dependent synthesis pathway (Aoi et al., 2020a).  

 

Fig. 5: Scheme of PAA biosynthesis. The solid line arrows represent pathways with discovered enzymes, which are 

described by a white text in a black or purple box. The dashed arrows represent predicted biosynthetic pathways. 

Abbreviations: AADC, aromatic amino acid decarboxylases; AO, aldehyde oxidases; CYP, CYTOCHROME P450; ER, 

endoplasmic reticulum; L-Phe, L-phenylalanine; PAA, phenylacetic acid; PAAld, phenylacetaldehyde; PAAS, 

phenylacetaldehyde synthase; PAM, phenylacetamide; PAOx, phenylacetaldoxime; PEA, phenylethylamine; PPA, 

phenylpyruvate; TAA1, TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1; TARs, TRYPTOPHAN 

AMINOTRANSFERASE-RELATED. 
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The main biosynthetic pathway involves the reversible conversion of phenylpyruvate (PPA) from 

L-Phe, followed by its subsequent decarboxylation to produce PAA (Cook et al., 2016). This process 

is similar to the well-characterised formation of IAA from tryptophan by the taa1/tars and yucca 

gene families in Arabidopsis (Mashiguchi et al., 2011). Although the mechanisms behind L-Phe to 

PAA conversion are not yet fully understood, phenylpyruvate aminotransferase, which was 

identified in petunia, is a strong candidate enzyme (Cook et al., 2016; Yoo et al., 2013). Furthermore, 

it has been demonstrated that overexpression of YUCCA enzymes increases endogenous PAA levels. 

However, in yuc1 yuc2 yuc6 triple knockdown mutants, no changes in PAA levels were observed, 

suggesting the presence of alternative biosynthetic pathways in plants (Sugawara et al., 2015). In 

addition, a small amount of PPA can be produced directly from prephenate, which is the precursor 

of L-Phe, by prephenate dehydratase, followed by its subsequent metabolism to PAA (Cho et al., 

2007).  

The secondary biosynthetic pathway involves the conversion of Phe to either 

phenylacetaldehyde (PAAld) by phenylacetaldehyde synthase (PAAS) (Kaminaga et al., 2006) or to 

phenylethylamine (PEA) by aromatic amino acid decarboxylases (AADC) (Tieman et al., 2006). 

Although there is no evidence of PEA being converted to PAAld in plants, amino oxidases 

responsible for the formation of IAAld from tryptamine are described in the IAA biosynthetic 

pathway (Quittenden et al., 2009). The final step in the formation of PAA from PAAld is not well 

characterised, as no amino oxidases (AO) have been found to be active in this reaction (Cook, 2019), 

except for AO from maize, which can use PAAld as a substrate with very limited activity (Koshiba et 

al., 1996).  

Additionally, a minor, tissue-dependent, and probably stress-activated biosynthetic pathway 

involves the formation of phenylacetaldoxime (PAOx) from Phe by the enzyme CYP79A2, which is 

then directly converted to PAA (Perez et al., 2021). Until recently, it was believed that PAOx had to 

be converted to benzyl glucosinolates before being hydrolysed into free PAA (Urbancsok et al., 

2018). However, this step is only possible in the Brassicaceae family, as other plants lack the 

necessary enzymes. Interestingly, direct conversion of PAOx to PAA also occurs in maize, suggesting 

glucosinolates independent pathway (Perez et al., 2021). 

In cell cultures of Agrobacterium tumefaciens, it was discovered that the bacterial intermediate 

phenylacetamide (PAM), which is formed from Phe, can be converted to PAA (Kemper et al., 1985). 

However, it has never been shown whether this pathway also occurs in plants (Cook, 2019). 
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3.6.3 IAA metabolism 

The majority of IAA in plants exists in its non-active form, which can be categorised into two main 

groups. The first comprises reversible storage forms, such as esters and amides, or methylated IAA 

(meIAA) (Fig. 6). The second group consists of oxidised metabolites, which undergo irreversible 

metabolism leading to their degradation (Casanova-Sáez et al., 2021) (Fig. 6). 

 

 

Fig. 6: Scheme of IAA metabolism. The solid line arrows represent pathways with discovered enzymes, which are 

described by a white text in a black or purple box. The dashed arrows represent predicted metabolism pathways. 

Abbreviations: 6-OH-IAA-AAs, N-(6-hydroxyindol-3-ylacetyl)-amino acids; 7-OH-oxIAA, 7-hydroxy-2-oxindole-3-acetic 

acid; 7-OH-oxIAA-glc, 7-hydroxy-2-oxindole-3-acetyl-7-O-β-D-glucose; DAO1, DIOXYGENASE FOR AUXIN OXIDATION 1; 

dioxIAA, 3-hydroxy-2-oxindole-3-acetic acid; dioxIAA-AAs, 3-hydroxy-2-oxindole-3-acetyl amino acids; ER, endoplasmic 

reticulum; GH3, GRETCHEN HAGEN 3; IAA-N-glc, indole-3-acetyl-N-ß-d-glucose; IAA, indole-3-acetic acid; IAA-AAs, indole-

3-acetyl-amino acids; IAA-glc, indole-3-acetyl-1-O-ß-d-glucose; IAInos synthase, indole-3-acetyl-1-O-ß-d-glucose: myo-

inositol indoleacetyl transferase; IAMT1, IAA CARBOXYMETHYLTRANSFERASE 1; ILLs, ILR1-LIKE proteins; ILR1, IAA-

LEUCINE RESISTANT 1; meIAA, indole-3-acetic acid methyl ester; MES17, methylesterase 17; NGT1, N-glucosyltransferase 

1; oxIAA, 2-oxindole-3-acetic acid; oxIAA-AAs, 2-oxindole-3-acetyl-amino acids; oxIAA-glc, 2-oxindole-3-acetyl-1-O-ß-d-

glucose; UGTs, uridine 5'-diphospho-glucuronosyltransferases. 

 

In plants, various types of ester conjugates are formed, including, indole-3-acetyl-1-O-ß-d-

glucose (IAA-glc), its oxidised form 2-oxindole-3-acetyl-1-O-ß-d-glucose (oxIAA-glc), and IAA-myo-
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inositol (Hall, 1980; Kai et al., 2007a; Pěnčík et al., 2018). These compounds are synthesised by 

Uridine 5'-diphospho-glucuronosyltransferases (UGTs) such as UGT84B1, UGT74D1, and 

UGT76E3456 (Jackson et al., 2001; Tanaka et al., 2014; Mateo-Bonmatí et al., 2021). IAA can be 

initially conjugated to IAA-glc by UGT84B1 (Jackson et al., 2001), followed by its conjugation to IAA–

myo-inositol via the reversible activity of indole-3-acetyl-1-O-ß-d-glucose: myo-inositol indoleacetyl 

transferase (IAInos synthase) (Kowalczyk et al., 2003). In maize, both of these conjugates can then 

be hydrolysed back to free IAA (Jakubowska and Kowalczyk, 2005). Additionally, the oxidative 

metabolite 2-oxindole-3-acetic acid (oxIAA) can be conjugated to oxIAA-glc by the enzyme 

UGT74D1 (Tanaka et al., 2014; Mateo-Bonmatí et al., 2021), which is a predominant low-molecular-

weight conjugate in Arabidopsis (Kai et al., 2007a). Several other esters have been identified in 

plants, including indole-3-acetyl-N-ß-d-glucose (IAA-N-glc), discovered in Scots pine and rice (Ljung 

et al., 2001a; Kai et al., 2007b), although most of it was bound with aspartate and glutamate. 

Recently, an enzyme N-glucosyltransferase 1 (NGT1) responsible for IAA-N-glc formation from IAA 

and IAA-amides was discovered in gingko biloba species (Yin et al., 2021). 

The alternative metabolic pathway involves the synthesis of amides with amino acids, peptides 

or proteins. This biochemical reaction is facilitated by a class of enzymes known as GH3. Initially 

identified in soybean hypocotyls during the 1980s (Hagen and Guilfoyle, 1985), GH3 enzymes have 

since been observed to be conserved across various plant species (Zhang et al., 2018). The GH3 

enzymes are classified into three main groups based on their structural and functional 

characteristics (Westfall et al., 2010). Group I enzymes conjugate jasmonic acid (Wakuta et al., 

2011), group II enzymes regulate IAA metabolism (Staswick et al., 2005), and group III enzymes 

prefer 4-substituted benzoates (Okrent et al., 2009). In Arabidopsis, there are a total of 19 GH3 

enzymes (Zhang et al., 2018), with eight members (GH3.1, GH3.2, GH3.3, GH3.4, GH3.5, GH3.6, 

GH3.9 and GH3.17) belonging to the second group (Staswick et al., 2005). These enzymes have 

different affinities for various substrates. For example, GH3.3 and GH3.4 preferentially conjugate 

IAA with aspartate, GH3.17 predominantly forms indole-3-acetyl-glutamate (IAA-Glu), while GH3.2, 

GH3.5, and GH3.6 do not display any distinct substrate preferences (Staswick et al., 2005; Brunoni 

et al., 2019). 

 Numerous IAA-amino acids (IAA-AAs) conjugates were identified in various plant species. The 

most common IAA-AAs are indole-3-acetyl-aspartate (IAA-Asp) and IAA-Glu (Kojima et al., 2009; 

Novák et al., 2012; Pěnčík et al., 2018), while others such as IAA-alanine, glycine, leucine, 

phenylalanine, tryptophan and valine have also been identified across multiple species (Kowalczyk 

and Sandberg, 2001; Pěnčík et al., 2009). For a considerable period, IAA-Asp and IAA-Glu were 

presumed to be non-hydrolysable conjugates because of their higher levels compared to other IAA-

AAs, which are convertible back to free IAA through the action of IAA-amino acid amidohydrolases 



28 
 

such as IAA-LEUCINE RESISTANT 1 (ILR1), ILR1-LIKE proteins (ILLs), and IAA-ALANINE RESISTANT 3 

(IAR3) (Bartel and Fink, 1995; Davies et al., 1999; LeClere et al., 2002). However, recent evidence 

has demonstrated that they are also susceptible to hydrolysis, leading to the release of free IAA 

(Hayashi et al., 2021). 

High-molecular-weight conjugates have been identified in the seeds of many plant species, 

including oat (Percival and Bandurski, 1976), bean (Bialek and Cohen, 1986), pea (Park et al., 2010) 

and Arabidopsis (Park et el., 2006). In bean seeds, IAA-modified protein 1 has been observed to be 

bound with IAA, which may serve as an alteration of protein stability or a storage reservoir for free 

IAA (Walz et al., 2002). Moreover, GH3 enzymes have been implicated in the formation of these 

IAA-protein conjugates in pea seeds, where they constitute a major portion of the total IAA pool 

(Park et al., 2010; Ostrowski and Ciarkowska, 2021). 

 Another metabolic pathway involves the methylation of IAA to meIAA. This conversion is 

mediated by the enzyme IAA CARBOXYMETHYLTRANSFERASE 1 (IAMT1) (Qin et al., 2005), and 

results in the formation of a non-polar auxin. This form of auxin can likely be transported 

independently of a transporter (Li et al., 2008). In comparison to IAA, meIAA is more potent in 

inhibiting hypocotyl elongation and inducing lateral roots, but weaker in inducing root hairs growth 

(Li et al., 2008). Additionally, meIAA can be hydrolysed back to release free IAA by methylesterase 

17 (MES17) (Yang et al., 2008). 

 Irreversible auxin deactivation involves oxidative reactions. The primary catabolic pathway 

entails the oxidation of IAA to oxIAA by the enzyme DIOXYGENASE FOR AUXIN OXIDATION 1(DAO1) 

(Novák et al., 2012; Pěnčík et al., 2013; Zhao et al., 2013; Porco et al., 2016). Similarly, IAA-AAs can 

also undergo oxidation by this enzyme to form their oxidative counterparts (Hayashi et al., 2021; 

Müller et al., 2021). To date, 2-oxindole-3-acetyl-aspartate (oxIAA-Asp) and 2-oxindole-3-acetyl-

glutamate (oxIAA-Glu) have been identified in numerous angiosperm plant species (Hayashi et al., 

2021; Kim et al., 2021; Isobe and Miyagawa, 2022). This pathway was previously thought to be  

a distinct branch of IAA oxidation. However, Hayashi et al. (2021) demonstrated that DAO1 

primarily oxidizes IAA-AAs to oxIAA-amino acids (oxIAA-AAs), which are then subsequently 

hydrolysed by ILR1/ILLs to oxIAA. Recently, oxIAA conjugation by GH3 enzymes has been confirmed, 

but this reaction appears to be species-dependent (Brunoni et al., 2023). 

 However, the fate of these conjugates remains elusive. Although, the presence of 3-hydroxy-2-

oxindole-3-acetic acid (dioxIAA) has been observed in plants (Tsurumi and Wada, 1980; Östin et al., 

1992; Isobe and Miyagawa, 2022), the underlying mechanism of this conjugate formation has not 

yet been described. Similarly, 3-hydroxy-2-oxindole-3-acetylaspartate and glutamate have been 

identified in plants, and they are believed to be synthesized from IAA-Asp and IAA-Glu (Östin et al., 

1992; Isobe and Miyagawa, 2022). Furthermore, an alternative oxidation pathway has been 



29 
 

identified. In vitro studies have demonstrated that peroxidases can metabolize IAA, leading to the 

formation of indole-3-carbinol and oxindole-3-carbinol (BeMiller and Colilla, 1972; Grambow and 

Langenbeck-Schwich, 1983).  

 Several other oxidative metabolites have been identified in plants, with particular attention 

given to 6-hydroxy conjugates, such as N-(6-hydroxyindol-3-ylacetyl)-amino acids (6-OH-IAA-AAs). 

Upon the application of exogenous IAA, the synthesis of N-(6-hydroxyindol-3-ylacetyl)-aspartate 

has occurred in plants (Östin et al., 1998). Similarly, Arabidopsis has been found to contain trace 

levels of N-(6-hydroxyindol-3-ylacetyl)-phenylalanine (6-OH-IAA-Phe) and N-(6-hydroxyindol-3-

ylacetyl)-valine (6-OH-IAA-Val) (Kai et al., 2007a). These molecules are likely formed through the 

oxidation of IAA-AAs rather than by conjugating amino acids with 6-OH-IAA. This is demonstrated 

by their appearance following the supply of radiolabelled IAA-AAs to plants (Östin et al., 1998; Kai 

et al., 2007a). Furthermore, in maize seedlings, the presence of 7-hydroxy-2-oxindole-3-acetyl-7-O-

β-D-glucose (7-OH-OxIAA-glc) was shown (Nonhebel and Bandurski, 1984; Nonhebel et al., 1985). 

Its formation is expected to proceed from oxIAA through 7-hydroxy-2-oxindole-3-acetic acid (7-OH-

oxIAA) (Zhang and Peer, 2017). 

 

3.6.4 PAA metabolism 

It appears that the metabolic pathways are conserved across all auxins. In the studies focused on 

PAA metabolism, it was found that these processes are even mediated by the same enzymes (Cook, 

2019; Perez et al., 2023).  Initial investigations in 2005 revealed that GH3 enzymes, known for their 

role in forming IAA-amides with amino acids, also demonstrated in vitro sensitivity to PAA (Staswick 

et al., 2005). However, it was not until another decade passed that the first PAA conjugates – 

phenylacetyl-aspartate (PAA-Asp) and phenylacetyl-glutamate (PAA-Glu) – were discovered 

(Sugawara et al., 2015). This experiment involved Arabidopsis mutant lines expressing β-estradiol-

inducible GH3.9 enzymes, which significantly increased PAA-Glu levels and confirmed GH3 

dependent synthesis. A similar experiment was conducted by Westfall et al., (2017) who 

demonstrated the formation of PAA-Asp in a GH3.5 dependent manner by utilising GH3.5 

overexpressing lines. Furthermore, treatment with IAA or PAA led to a decrease in the endogenous 

concentrations of the other auxin by forming its corresponding aspartate metabolite (Aoi et al., 

2020b).  Since IAA esterification is an important metabolic pathway in Arabidopsis (Kai et al., 

2007a), the activity of UGT84B1 towards PAA was examined, revealing the formation of 

phenylacetyl-1-O-ß-d-glucose (PAA-glc) in vitro (Aoi et al., 2020c). However, attempts to identify 

PAA-glc in Arabidopsis plants were unsuccessful (Aoi et al., 2020c).  
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 Amide conjugation was also found in the other auxins, as GH3.3 did form aspartate conjugates 

with chlorinated auxins in vitro (Walter et al., 2020). Additionally, peroxisomal UDP-

glucosyltransferase UGT74E2 did glycosylate IBA in Arabidopsis (Tognetti et al., 2010). Overall, both 

UGT and GH3 enzymes show a great promiscuity, as aspartate and glutamate metabolites of 

synthetic auxins 2,4-D and dicamba were also identified (Eyer et al., 2016; Chiu et al., 2018), as well 

as glucosyl ester of 2,4-D (Eyer et al., 2016).  

 

3.6.5 Auxin transport 

The final aspect of homeostatic regulation lies in auxin transport. For proper functionality, auxin 

must be transported directionally from its site of synthesis to its site of action. Two primary 

mechanisms govern the transport of IAA. The first involves movement from highly photosynthetic 

tissues, such as young leaves, to roots, facilitated by an intercellular vascular phloem network 

(Robert and Friml, 2009). This transport operates at a speed of 1–2.4 cm/h and is energetically 

neutral due to concentration differentials of IAA between the two ends (Feng et al., 2022).  

 Secondly, polar auxin transport predominantly occurs in short cell-to-cell distances, with its 

underlying mechanism elucidated in a preceding chapter (3.4 Auxin biological roles). For this 

transport, several groups of auxin transporters are needed, including AUXIN RESISTANT 1/LIKE AUX 

(AUX1/LAX1,2,3), PINs and ABCB (Zažímalová et al., 2010) (Fig. 3). 

 In most tissues, IAA enters cells through passive diffusion. However, in highly auxin-demanding 

tissues, AUX1/LAX1,2,3 transporters actively facilitate IAA import into cells (Bennett et al., 1996; 

Péret et al., 2012). This active IAA import is responsible for root gravitropism, lateral root 

development, vascular development, and phyllotactic patterning (reviewed in Swarup and Bhosale, 

2019). 

Among these transporters, PINs are the most extensively studied, comprising eight different 

types divided into two categories based on the length of the hydrophilic domain. The long PINs 1-4 

and 7 mediate the directional efflux of IAA from the cell by embedding into the cytoplasmatic 

membrane (Petrášek et al., 2006; Wisniewska et al., 2006).  Conversely, PINs 5, 6, and 8 facilitate 

intracellular transport, as they are localized on the endoplasmic reticulum (Mravec et al., 2009; 

Barbez and Kleine-Vehn, 2013).  

ABCB proteins are required for the proper function of PINs (Deslauriers and Spalding, 2021). The 

use of twd1 mutants, which prevent several ABCB transporters from reaching the plasma 

membrane, disrupted polar auxin transport but did not affect PIN polar localisation (Bouchard et 

al., 2006). Furthermore, mutations in abcb genes do not affect PIN protein localisation, however, 

make it more sensitive to disruption by the detergent Triton X-100 (Titapiwatanakun et al., 2008). 
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Together, these results suggest a synergistic function of these transporters in directional IAA 

transport (Deslauriers and Spalding, 2021). 

 Although the biosynthesis and metabolism of other auxins appear to mirror that of IAA, there 

are variations in their transport mechanisms. Previous transport studies, which used isotopically 

labelled 14C6 IAA, demonstrated its long-distance polar transport in pea stems (Morris and Johnson, 

1987). However, treatment with 14C6 PAA did not result in directional transport, with PAA remaining 

in segments up to 10 mm from the site of application (Morris and Johnson, 1987; Procházka and 

Borkovec, 1984). Furthermore, the treatment with PAA resulted in the inhibition of IAA transport, 

as reported by Morris and Johnson, (1987). In contrast, the application of 1-NAA, a polar auxin 

transport inhibitor, to the tips of maize coleoptiles arrested the basipetal transport of IAA but did 

not affect the gradient patterns of PAA (Sugawara et al., 2015). 

 On the contrary, synthetic auxins such as 1-NAA and 2,4-D are transported in plants through 

auxin carriers. 1-NAA enters cells through passive diffusion and its concentration is regulated by 

efflux carriers (Delbarre et al., 1996). While it was previously believed that 2,4-D uptake is primarily 

facilitated by influx transporters and not secreted by efflux transporters (Delbarre et al., 1996), 

subsequent research has confirmed its active efflux (Hošek et al., 2012). 

 

3.6.6 Auxin localization and regulation 

Elucidating auxin signalling and homeostasis facilitates the comprehension of auxin localisation and 

regulation in plants, from the whole organism down to subcellular compartments. It is widely 

recognised that high auxin levels negatively regulate biosynthesis (Ljung et al., 2001b). Through  

a feedback loop, elevated levels of IAA induce the down-regulation of IPyA-related genes (Suzuki et 

al., 2015). Moreover, an increase in IAA concentrations stimulates the induction of GH3 enzymes, 

while DAO1 activity remains constant (Mellor et al., 2016; Porco et al., 2016). However, auxin 

oxidation may contribute to the attenuation of auxin signalling induced by reactive oxygen species 

(Zhang and Peer, 2017). A similar compensatory mechanism operates between multiple auxins, 

whereby exogenous treatment with one, results in a concentration decrease of the second in  

a GH3-dependent manner (Aoi et al., 2020b). 

 These mechanisms regulate the concentrations of auxin conjugates in tissues. The majority of 

IAA is synthesised in young, highly photosynthetic active tissues and transported via the phloem to 

the root tip (Ljung et al., 2001b; Robert and Friml, 2009). Advancements in analytical techniques 

have facilitated the understanding of these processes through auxin concentration measurements 

in distinct tissues, as extensively reviewed by Novák et al., (2017). For example, auxin maxima have 

been pinpointed in quiescent control cells within the meristematic root zone (Petersson et al., 
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2009), and analysis of the 0.5 mm region of the youngest leaf apex revealed the highest IAA 

concentration and capacity for hormone synthesis (Ljung et al., 2001b).  

In recent years, there has been significant progress in understanding subcellular auxin 

organization. Auxin biosynthesis primarily begins in the chloroplasts, where amino acid precursors 

are synthesised (Ljung, 2013). Within the IPyA biosynthetic pathway, TAA1/TARs enzymes are 

predominantly localised in the cytoplasm and plasma membrane, respectively (Skalický et al., 

2018). Similarly, the YUCCA enzymes are also primarily located in the cytoplasm, although some 

have been detected on the cytosolic face of the ER membrane (Kriechbaumer et al., 2012). 

Following de novo biosynthesis or entry into the cell, auxins can be transported to the nuclei to bind 

to the TIR1 receptor or metabolise into inactive forms. It is established that ILR/ILLs are mainly 

located on the ER membrane (LeClere et al., 2002; Skalický et al., 2018), while GH3 and DAO1 

enzymes are likely to be cytosolic (Di Mambro et al., 2019; Porco et al., 2016). Although, previous 

studies have attempted to measure auxin levels in organelles (Polanská et al., 2007; Ranocha et al., 

2013; Skalický et al., 2021), the first comprehensive mapping of auxin distribution was achieved 

through Fluorescence-Activated Multi-Organelle Sorting in Arabidopsis root-derived cell cultures, 

revealing the IAA metabolic pool in nuclei, mitochondria, chloroplasts, ER, and vacuoles (Skalický et 

al., 2023). 

 

3.7 Phytohormone analysis 

Since the discovery of auxin, scientists have attempted to measure its concentrations in plants. 

Initially, auxin bioassays were used for this purpose (Went, 1926). However, this method is not ideal 

for identifying multiple compounds, lacks accuracy and repeatability, and is time-consuming. As  

a result, other techniques have been employed (Du et al., 2012). Over the years, immunoassays 

such as radioimmunoassay or enzyme-linked immunosorbent assays have been popular (Weiler, 

1984). However, determining multiple compounds simultaneously has been a challenging task. As 

a result, chromatographic methods followed by mass spectrometry (MS) analysis have become the 

standard approach for auxin qualitative and quantitative determination (Du et al., 2012). 

Quantifying phytohormone concentrations in plants poses a formidable challenge owing to their 

low levels, typically ranging pmol-fmol/g fresh weight, while interfering substances are present in 

much higher concentrations (Tarkowska et al., 2014). Therefore, the extraction and purification 

processes, along with the use of highly sensitive and selective methods, are critical in the analysis. 
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3.7.1 Sample preparation 

The objective of the sample preparation is to remove interfering compounds and to enhance the 

concentration of the target analytes. Due to the enzymatic activity and spontaneous oxidation of 

analytes, sample preparation should be carried out under cold conditions (Porfírio et al., 2016). 

Typically, plant material is flash-frozen in liquid nitrogen after sampling or subjected to 

lyophilization (Fu et al., 2011). The process of sample preparation usually involves three main 

stages: homogenisation, extraction into solution, and purification (Fig. 7). 

 Sample homogenization is commonly performed under liquid nitrogen by a mortar and a pestle. 

However, this method often results in significant sample loss. As a result, small sample quantities 

are typically homogenised in Eppendorf tubes within a bead mill using small zirconium oxide beads 

(Tarkowská et al., 2014). This method enables simultaneous grinding of multiple samples, thereby 

reducing time consumption, enhancing yield, and mitigating sample degradation. 

 To achieve optimal extraction efficiency, solvent with polarity similar to that of analytes should 

be selected. Auxins, being polar compounds, are easily soluble in water and organic solvents, such 

as methanol, acetone, dimethyl sulfoxide or basic buffers, as reviewed in Porfírio et al., (2016). 

Although methanol:water is a prevalent extraction solvent, it may lead to auxin esterification 

(Barkawi et al., 2010). Conversely, basic buffers like sodium-phosphate buffer does not prevent the 

enzymatic degradation of IAA (Liang et al., 2012). Therefore, antioxidants such as diethyl 

dithiocarbamate (Kowalczyk and Sandberg, 2001; Pěnčík et al., 2009) or butylated hydroxytoluene 

(Quittenden et al., 2009) should be added prior to extraction.  

 

 

Fig. 7: Scheme of sample preparation and analysis. Plant tissues are harvested and phytohormones extracted in organic 

or aqueous solutions according to their polarity. Extracts are then purified by a traditional SPE, LLE or by novel 

miniaturized methods. Prepared samples are then qualitatively or quantitatively analysed. Abbreviations: dSPE, 

dispersive solid-phase extraction; GC, gas chromatography; HRMS, high resolution mass spectrometry; LC, liquid 

chromatography; LLE, liquid-liquid extraction; MISPE, molecularly imprinted solid-phase extraction; MS, mass 

spectrometry; SPE, solid-phase extraction. 

 

 Historically, two primary approaches have been employed for auxin purification. The first 

involves liquid-liquid extraction (LLE), which separates compounds based on their solubility in two 
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immiscible liquids. However, this method is solvent-intensive and time-consuming, often resulting 

in low extraction efficiency due to emulsification. Consequently, its popularity in hormone studies 

has decreased over time (Fu et al., 2011). The second approach is solid-phase extraction (SPE), 

wherein the analyte is reversibly bound to a solid-phase packed column or cartridge and 

subsequently released by an elution solvent. Various solid-phase sorbents, ranging from reverse 

phase to cation/anion exchange, or their combinations, have been utilised, as reviewed in multiple 

publications (Du et al., 2012; Porfírio et al., 2016; Vrobel and Tarkowski, 2023). 

  Presently, there is a trend toward miniaturization in a sample preparation. Novel 

microextraction techniques improve solvent and sample consumption, reduce the number of 

extraction steps, hasten purification, allow online coupling with analytical instruments, and 

maintain extraction selectivity and sensitivity (Sajid and Płotka-Wasylka, 2018). For auxin analysis, 

several techniques based on LLE were employed, such as dispersive liquid-liquid microextraction 

(Luo et al., 2013) or hollow fiber-based liquid-liquid-liquid microextraction (Wu and Hu, 2009).  

Numerous other techniques have been derived from SPE, including in-tip micro SPE (Liu et al., 2012; 

Pěnčík et al., 2018), dispersive solid-phase extraction (dSPE) (Cai et al., 2016), and molecularly 

imprinted solid-phase extraction (MISPE) (Yan et al., 2012), to name a few. 

 To enhance extraction recovery, various techniques were employed. Pěnčík et al., (2009) utilised 

an immunoaffinity columns as an additional step in sample purification following SPE. Conjugates 

of IAA with bovine serum albumin were used to produce rabbit polyclonal antibodies, which were 

then immobilized on the surface of the immunoaffinity gel and utilised for sample extract 

purification. Previously, high performance liquid chromatography (HPLC) was also used as a 

purification step, although it turned out to be time consuming (Tam et al., 2000; Mravec et al., 

2009). Recently, a method for auxin and other phytohormones quantification by liquid-

chromatography-tandem mass spectrometry (LC-MS/MS) without purification steps has been 

developed (Karady et al., 2024), indicating a potential future trend towards abandoning these 

purification steps through advancements in method sensitivity. 

 

3.7.2 Quantitative analysis 

Auxin analysis is predominantly conducted using gas chromatography (GC) and liquid 

chromatography (LC) coupled to mass spectrometry (MS) due to their high sensitivity and 

selectivity, making them the gold standard in the field. However, various other analytical methods 

have also been employed for quantification purposes, including immunoassays (Weiler, 1984), 

pressurized capillary electrochromatography (Lu et al., 2010), capillary electrophoresis with 
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electrochemiluminescent detection (Yin et al., 2010), surface plasmon resonance (Wei et al., 2011), 

and biosensors (Naqvi et al., 2023). 

 Initially, GC-MS was widely used for plant hormone analysis, wherein samples were separated 

based on different partition coefficients between the mobile (gaseous) and stationary phases in 

columns (Wang et al., 2020). However, prior to GC analysis, samples need to be dissolved in the 

gaseous phase, which poses a challenge for non-volatile auxins and therefore requires  

a derivatization step. The common derivatization reagent for auxin analysis is diazomethane, yet its 

toxicity and explosiveness have prompted the exploration of alternative reagents, as 

comprehensively reviewed in Fu et al. (2011) and Porfírio et al. (2016). Derivatization also serves as 

a tool for enhancing compound stability, as demonstrated by the derivatization of labile IAA 

precursors - IPyA and IAAld - using cysteamine (Novák et al., 2012; Pěnčík et al., 2018). 

Currently, LC-MS/MS is the most used method for both quantitative and qualitative analysis of 

auxins due to its efficient separation, rapid speed, and straightforward sample preparation and 

operation (Vrobel and Tarkowski, 2023). One notable advantage of LC is its ability to directly analyse 

non-volatile metabolites from the liquid phase without prior derivatization.  

The mass spectrometer consists of three main parts: an ion source, a mass analyser and  

a detector. In phytohormone analysis, electrospray ionization (ESI) is the preferred ionization 

technique due to its soft ionization and compatibility with polar hormones (Wang et al., 2020). The 

mass analyser measures the mass-to-charge ratio (m/z) of charged particles (Fu et al., 2011). 

Advancements in mass spectrometry have led to the use of tandem mass spectrometers for 

quantitative analysis due to their lower limit of detection and high linearity (Vrobel and Tarkowski, 

2023). One such tandem MS is the triple quadrupole, wherein measurement by multiple reaction 

monitoring (MRM) mode is preferred for auxin analysis (Porfírio et al., 2016). This mode involves 

selecting a precursor ion in the first quadrupole and further fragmenting it in the collision cell into 

product ions that pass through the third quadrupole to the analyser (Fu et al., 2011). 

For precise quantification of auxin, it is common practice to use the isotope dilution technique 

(Rittenberg and Foster, 1940). This technique allows for the correction of errors that may arise from 

sample extraction, purification, and ionization. Therefore, it is necessary to use a chemically and 

structurally analogous IS to the measured analytes. Typically, stable isotopically labelled IS, such as 

2H, 13C, or 15N, are used (Novák et al., 2014). However, when preparing or using these analogues, it 

is important to consider various factors. These include ensuring a sufficient m/z difference and 

potential forward shift in retention time in reverse-phase chromatography due to multiple 2H atoms 

in the molecule (Vrobel and Tarkowski, 2023).  

Auxin metabolic profiling is a complex subject due to the wide concentration range of IAA 

metabolites in plants, different acidity and basicity, and the instability of some metabolites during 



36 
 

sample preparation (Novák et al., 2014). Therefore, methods developed for this profiling must 

address these issues while maintaining extraction efficiency, analyte recovery, and matrix effect 

suppression. Several LC-MS/MS methods are currently available to measure the entire low-

molecular-weight auxin metabolome from less than 10 mg of plant tissue (Pěnčík et al., 2018; 

Hayashi et al., 2021). However, to gain a better understanding of auxin metabolism, it is necessary 

to measure specific parts of plant tissues. This has already been initiated through IAA and oxIAA 

measurement in various cell types in the root tip (Petersson et al., 2009; Pěnčík et al., 2013) or 

metabolite profiling in subcellular organelles (Skalický et al., 2023). 

 

3.7.3 Auxin identification  

Over the past century significant progress has been made in our understanding of auxin 

metabolism and biosynthesis. This advancement can be attributed to the discovery of new 

endogenous auxins and their metabolites. Identification methods have evolved from thin-layer 

chromatography and electrophoresis to more sensitive mass spectrometry techniques since the 

initial description of the structure of IAA by Kӧgl and Haagen-Smit, (1931). 

The widespread adoption of GC-MS and LC-MS techniques in in numerous laboratories has 

enabled simpler identification of auxin metabolites in plants. This typically involves in vitro synthesis 

of predicted metabolites, followed by measurement of these standards and subsequent 

comparison of chromatograms with those from plant extracts (Plüss et al., 1989; Pěnčík et al., 2009; 

Sugawara et al., 2015). Kowalczyk and Sandberg, (2001) took an alternative approach by 

fractionating sample extracts using HPLC and subjecting each sample to full scan analysis. The 

resulting data were then used as a database for screening indole fragments in mass spectra. 

Similarly, Kai et al., (2007a) employed the MRM technique to search for oxidative metabolites of 

IAA in Arabidopsis extracts. The authors initially analysed the mass fragmentation spectra of 

established compounds and subsequently created a screening technique to detect new amide and 

oxidative metabolites. They successfully identified 6-OH-IAA-Val and 6-OH-IAA-Phe in plants for the 

first time. Finally, Kai et al., (2007b) utilised strong alkaline hydrolysis to liberate free IAA from 

metabolites in a sample extract. It was assumed that all IAA metabolites would produce  

a quinolinium ion at m/z 130 (in ESI+ ionisation), allowing for the detection of over 20 compounds, 

including unidentified N-glucosides such as IAA-N-glc amides. 

In plant metabolomics, there is a current trend towards measuring the entire metabolome 

through untargeted mass spectrometry analysis (Manickam et al., 2023). This approach enables 

straightforward metabolite comparison between plant species or tissues, elucidates metabolic 

plant responses to biotic or abiotic stress, and aids in the identification of novel metabolites and 
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signalling pathways. High-resolution mass spectrometry has primarily been used as a tool for auxin 

structural analysis (Revelou et al., 2019), however this approach has already enabled the 

identification of several brassinosteroids from the plant metabolome (Xin et al., 2016; Xiong et al., 

2022). In the future, this methodology could improve our understanding of auxin metabolism and 

biosynthesis by simple identification of the new compounds. However, the sensitivity of high-

resolution mass spectrometers is lower than that of triple quadrupole instruments (Nováková, 

2013), making the detection of low-abundance phytohormones challenging. 
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4 Material and methods 

The detailed information about employed methods and equipment parameters is presented in 

research papers attached in the Supplementary section (Supplements I – IV). 

 

4.1 Chemicals 

• Plant agar and Murashige & Skoog media were purchased from Duchefa (Haarlem, Netherlands); 

hypergrade purity methanol and acetonitrile for LC-MS/MS analysis and all other chemicals were 

purchased from Merck (Darmstadt, Germany), Sigma-Aldrich (MA, USA), and Lach-Ner 

(Neratovice, Czech Republic).  

• Auxin standards and analogues were purchased from OlChemIm (Olomouc, Czech Republic) or 

synthesized by colleagues from Department of Chemical biology (Faculty of Science, Palacký 

University in Olomouc) (Supplement I-IV). Isotopically labelled auxin standards were purchased 

from Cambridge Isotope Laboratories, Inc (MA, USA). 

 

4.2 Plant material and growth conditions 

• Arabidopsis thaliana seeds ecotype Columbia-0 were used as a wild type in all experiments. 

• Arabidopsis knockout mutant lines with alterations in auxin metabolism - GH3 sextuple 

gh3.1,2,3,4,5,6 (Porco et al., 2016); GH3 octuple gh3.1,2,3,4,5,6,9,17 (Casanova-Saéz et al., 

2022); ugt74d1 and ugt84b1 (Mateo-Bonmatí et al., 2021). (Supplement II) 

• Other cultivated plant species (Supplements I, II): maize (Zea mays L.), pea (Pisum sativum 

arvense L.), wheat (Triticum aestivum L.), moss (Physcomitrella patens), and spruce (Picea abies 

L. Karst). 

• Arabidopsis seeds were sterilized in 70% ethanol with the addition of 0.1% Tween 20 for 5 min 

sown on Murashige & Skoog medium in square agar plates (10 g sucrose, 2.2 g MS medium,  

10 g agar, pH 5.7, all amounts are per litre) and cold treated for 4 days prior to germination. The 

plates were then transferred to a cultivation chamber and vertically placed under long-day 

conditions (16 h light/8 h dark) at 22 ± 1°C under cool white fluorescent light (maximum 

irradiance 550 μmol m−2 s−1). 

• Pea, wheat, and maize seeds were left germinating in wet conditions in the dark for 2, 3, and  

4 days, respectively, selected according to their uniformity from a large population, transferred 

to hydroponic boxes, watered with Hoagland’s solution and left growing in the cultivation room 

(16 h light/8 h dark) at 22 ± 2°C, while changing the solution every 3 days. 
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• Spruce seeds were soaked in the tap water for 24 h at 4°C and sown in a wet vermiculite. 

Germination and seedling growth occurred in a growth chamber under long-day conditions  

(16 h light/8 h dark) at 22 ± 2°C.  

• Gametophores from P. patens were cultured on round Petri plates (Knop medium, pH 5.8, 1.5% 

plant agar). The plates with gametophores were transferred to a cultivation chamber and 

vertically placed under long-day conditions (16 h light/8 h dark) at 22 ± 1°C. Each 3 weeks, 

gametophores were moved to a fresh medium.  

• For auxin metabolite profiling, all plant species were harvested in the growth stage 1.0 according 

to Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie (BBCH) scale (Tottman, 

1987; Lancashire et al., 1991; Boyes et al., 2001), except for P. patens which was harvested 3 

weeks after the last transfer to fresh medium. 

 

4.3 Methods 

A detailed description of the applied methods and instruments is given in Supplements I-IV. 

 

4.3.1 Extraction and purification 

• For auxin metabolite profilling,  10 mg FW of plant tissues was harvested and extracted in 1 ml 

of sodium-phosphate buffer (50 mM, pH 7.0, 4°C) containing 0.1% diethyldithiocarbamic acid 

sodium salt. The extracts were then purified by in-tip µSPE (Pěnčík et al., 2018) (with 

modifications outlined in Supplements I and II) and evaporated to dryness in vacuo. To cover 

analytes lost during sample preparation, a mixture of isotopically labelled standards was added 

prior to extraction. 

• Plant extracts from Arabidopsis tissues for all measured auxin analogues were prepared by an 

one-step LLE utilizing a water:methanol/acetonitrile:hexane (1:1:1) solution. The 

water:methanol/acetonitrile fraction was filtered through MicroSpin tubes (0.2 μm, nylon, 

Chromservis, Czech Republic) and flow-through fraction was then evaporated in vacuo. 

(supplements III, IV) 

 

4.3.2 LC-MS/MS 

• For measurement of IAA, PAA and their metabolic profiles, a HPLC 1260 Infinity II system and  

a 6495B Triple Quadrupole LC/MS system equipped with Jet Stream and Dual Ion Funnel systems 

(Agilent Technologies, CA, USA) were employed. A reverse-phase column (Kinetex C18 100 Å, 

50 x 2.1 mm, 1.7 μm; Phenomenex, CA, USA) was used to separate the compounds. The time of 
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each analysis was 18 min, the flow rate was 0.3 mL/min, and metabolites were eluted with 

a linear gradient as follows: 0 min – 10% B, 11.5 min – 60% B, 11.75 min – 100% B, 14.75 min – 

100% B, 15 min – 10% B. Analytes were detected and quantified using diagnostic MRM 

transitions of precursor and appropriate product ions. The concentrations of all compounds 

were then calculated by the isotopic dilution method using corresponding stable isotope 

labelled standards. LC-MS/MS analysis as well as data processing were performed using Mass 

Hunter software (Agilent Technologies, CA, USA). (Supplements I and II) 

• Development of LC-MS/MS method for the analysis of newly synthesized NBD or  

5-(dimethylamino)naphthalene-1-sulfonyl (DNS) labelled auxin analogues was performed on an 

Acquity UPLC® I-Class System (Waters, USA) coupled to a triple quadrupole mass spectrometer 

Xevo™ TQ-S MS (Waters MS Technologies, UK). A reverse-phase column (Kinetex C18 100 Å, 

50 x 2.1 mm, 1.7 μm; Phenomenex, CA, USA) was used for LC compound separation. The mobile 

phase consisted of acetonitrile (A) and deionized water (B), both with the addition of 0.1% acetic 

acid. The duration of each analysis was 5.5 min, flow rate 0.3 mL/min and gradient elution as 

follows: 0 min – 60% B, 3.0 min – 30% B, 4.25 min – 99% B, 4.5 min – 99% B, 5.5 – 60% B. For 

compound quantification, Arabidopsis extracts were spiked with 1 nmol of NBD- or DNS-labelled 

conjugates and samples were processed by LLE as described above. To calculate analytes losses 

and matrix effects, a six-point external calibration curve ranging from 1 fmol to 100 pmol in 10% 

acetonitrile was measured and the recovery factor of each analyte was calculated. For samples 

with unknown conjugates levels, dilution and recovery factors were applied and concentration 

was calculated from an external calibration curve. (supplement III) 

• Auxinole and methyl 2-(1H-indol-3-yl)-4-oxo-4-p-tolyl-butanoate (4pTb-MeIAA) were measured 

on a HPLC 1260 Infinity II system and a 6495B Triple Quadrupole LC/MS system (Agilent 

Technologies, CA, USA). The chromatographic reverse-phase column (Kinetex C18 100 Å, 

50 x 2.1 mm, 1.7 μm; Phenomenex, CA, USA) was employed for analytes separation. The analysis 

time was 13 min, the flow rate was 0.3 mL/min, and the mobile phase consisted of deionized 

water (A) and methanol (B), both with the addition of 0.1% acetic acid. Gradient elution was set 

as follows: 0 min – 40% B, 9 min – 95% B, 9.25 min – 99% B, 10 min – 99% B, 10.50 min – 40% B. 

For metabolites quantification, the same method as described in the previous paragraph was 

applied. (Supplement IV) 
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5 Survey of results 

The methodical part of this work builds upon the results obtained in the master’s thesis, where the 

LC-MS/MS method was developed for measuring the IAA and PAA metabolic profiles (Hladík, 2020). 

By utilizing this method, we made a groundbreaking discovery: two new oxIAA conjugates, namely 

2-oxindole-3-acetyl-leucine (oxIAA-Leu) and 2-oxindole-3-acetyl-phenylalanine (oxIAA-Phe), were 

identified in plants for the first time. We further measured low-molecular-weight IAA metabolites, 

with a specific focus on oxIAA conjugates, in the organs of four representative monocotyledonous 

and dicotyledonous plants at different developmental stages. This investigation aimed to enhance 

our understanding of auxin metabolism during plant growth (Supplement I).  

In our exploration of PAA metabolites, we identified four new conjugates: phenylacetyl-leucine 

(PAA-Leu), phenylacetyl-phenylalanine (PAA-Phe), phenylacetyl-valine (PAA-Val) and PAA-glc 

(Supplement II). The concentrations of these new conjugates with other known PAA metabolites 

were then screened at the organ level in various plants species. To gain insights into novel PAA 

metabolic pathways, we concluded feeding experiments with PAA using Arabidopsis mutant lines 

defective in auxin metabolic regulation. Additionally, we employed kakeimide (KKI), a selective 

inhibitor of GH3 proteins (Fukui et al., 2022), in conjunction with PAA treatments in Arabidopsis, 

spruce and moss. These experiments allowed us to monitor metabolic redundancy in other plant 

species where mutant lines were not available.  

 Synthetic auxins play a crucial role in auxin homeostasis research. Many of these molecules have 

anti-auxin activity by binding to the TIR1/AFB receptor, yet they do not trigger typical auxin 

responses (Hayashi et al., 2012). This group of synthetic auxins includes compounds such as 

auxinole and its analogues (Supplement IV), as well as fluorescently labelled synthetic anti-auxins 

(Supplement III). Notably, these molecules have different chemical structures compared to 

endogenous auxins, necessitating the development and optimization of novel extraction and MS-

based methods. This task was particularly challenging task due to their varying polarity, size and 

stability. Importantly, the newly developed methods have enabled us to study the stability and 

uptake of selected synthetic auxins in treated plants (Supplements III, IV).  

 

5.1 2-oxindole-3-acetyl-amino acids are important auxin metabolites in 

plants 

Recently, many studies describing the synthesis and hydrolysis of 2-oxindole-3-acetyl-amino acids 

(oxIAA-AAs) have been published (Hayashi et al., 2021; Müller et al., 2021; Isobe and Miyagawa, 

2022). However, their distribution and importance in auxin metabolism have not been determined. 
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Therefore, we employed a previously developed in-tip µSPE purification method (Pěnčík et al., 

2018) and subsequent LC-MS/MS analysis, to quantify oxIAA-AAs in multiple plant species and their 

organs, and compare their levels with other IAA metabolites. This method was subsequently 

optimised and validated for full IAA metabolite profiling, including oxIAA-AAs (Hladík, 2020). Due 

to the low detection limit of the LC-MS/MS method, optimised MRM transitions for oxIAA-Leu and 

oxIAA-Phe were added (Supplement I, Tab. S2) and their occurrence screened in organs of different 

plant species (Supplement I, Fig. 2). Their endogenous concentrations were observed in pea 

cotyledons and oxIAA-Phe also in maize cotyledons, however both at low levels, corresponding to 

low abundance of their IAA counterparts (Supplement I, Fig. 3) (Kowalczyk and Sandberg, 2001; 

Pěnčík et al., 2009).  

 Employing the LC-MS/MS method, we performed profiling of IAA metabolite in roots, shoots 

and cotyledons of pea, wheat and maize, and only in roots and shoots of Arabidopsis due to the 

large amount of plant material required and the technical difficulties of cotyledon harvesting 

(Supplement I, Fig. 3). To make the metabolic profile of various species as comparable as possible, 

we harvested plants at growth stage 1.0, according to the BBCH scale, which was developed to 

compare between species according to their phenotype (Tottman, 1987; Lancashire et al., 1991; 

Boyes et al., 2001). All of IAA-AAs and oxIAA-AAs were combined into an appropriate group and 

their relative (%) abundance to the total IAA pool was calculated. This profiling revealed significant 

difference in dominant conjugates and metabolic pathways between plant species and even their 

tissues (Supplement I, Fig. 4). In Arabidopsis organs, most of the IAA was found in the form of oxIAA-

glc, followed by oxIAA, demonstrating the importance of this pathway. On the other hand, in pea, 

oxIAA-AAs were completely dominant, as in cotyledons, oxIAA-Asp forms > 99% of the total IAA 

pool. Furthermore, we quantified the IAA metabolome in seeds of the same species, which were 

allowed to germinate for 24 hours under wet conditions (Tab. 1). Interestingly, our results indicate 

higher levels of free IAA in these seeds compared to cotyledons at growth stage 1.0, suggesting a 

potential contribution of free IAA to seed germination (Supplement I, Tab. S5). Conversely, levels of 

IAA conjugates were lower in seeds, implying that cotyledons may serve as a reservoir for auxin 

during later developmental stages. 

In plants, auxin metabolism is an ever-changing process depending on the development and 

environmental conditions. To address these changes during plant development, we measured 

plants and their tissues in the three growth stages 1.0, 1.1 and 1.2 according to BBCH scale. These 

stages show early seedling development from the first leaf emergence to two fully developed leaves 

in stage 1.2 (supplement I, Fig. S1; Tab. S1).  In all crop species, higher auxin concentrations were 

found in roots compared to shoots at all growth stages (Supplement I, Fig. 5). Amide-linked 

conjugates were more prevailed in earlier stages and steadily decreased, in contrast to oxIAA-glc in 
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monocots roots, which increased during growth. In conclusion, IAA metabolites levels are strongly 

dependent on plant development, which contributes to the proper auxin balance.  

 

Tab. 1: IAA metabolite profiles in seeds of maize, wheat, and pea. Levels (pmol/g FW) of IAA, oxIAA and their conjugates 

with amino acids and glucose were determined in seeds of maize, wheat and pea after being left to germinate in moist 

conditions for 24 hours. The levels of IAA and oxIAA conjugates with individual amino acids (Asp, Glu, Leu and Phe) were 

summed up into two corresponding groups IAA-AA and oxIAA-AA, respectively. The distribution (%) of different conjugate 

classes was calculated as their relative abundance to the total measured IAA metabolite pool (%). All samples were 

measured in five biological replicates. <LOD, under the limit of detection. 

 

  Maize Wheat Pea 

  (pmol/g)   (%) (pmol/g)   (%) (pmol/g)   (%) 

IAA 6 858.6   27.31 119.5   63.14 19.2   0.01 

IAA-AA 287.8   0.00 30.7  
16.24 710.2  

0.30 

IAA-glc <LOD   - <LOD   - <LOD   - 

oxIAA 17 311.9   68.94 39.0   20.62 170.0   0.07 

oxIAA-AA 297.0   1.18 <LOD   - 238 191.5   99.62 

oxIAA-glc 356.5   1.42 <LOD   - <LOD   - 

 

 

More information is provided in Supplement I - Hladík P., Petřík I., Žukauskaitė A., Novák O., Pěnčík A. (2023) Metabolic 
profiles of 2-oxindole-3-acetyl-amino acid conjugates differ in various plant species. Front. Plant Sci. 14, 1217421. 

 

5.2 Unravelling novel metabolic pathways in PAA metabolism 

In the field of auxin research, most attention has been dedicated to studying IAA owing to its high 

activity in auxin bioassays. Nevertheless, emerging evidence suggests that other auxins, such as 

PAA, which exhibits approximately 10% of the activity of IAA in these tests, may also play crucial 

roles in plant development. Numerous studies suggest that PAA contributes to processes such as 

lateral root development, antimicrobial activity and auxin crosstalk (reviewed in Perez et al., 2023). 

Despite sharing similarities in conjugation pathways with IAA, including involvement of the same 

enzymes, information regarding PAA metabolism remains limited (Sugawara et al., 2015; Westfall 

et al., 2017; Aoi et al., 2020c). We therefore aimed to elucidate novel conjugates and metabolic 

pathways associated with PAA metabolism (Fig. 8).  

The extraction and LC-MS/MS methods developed for the profiling of IAA metabolites were also 

optimized and validated also for PAA metabolite profile (Hladík, 2020). Utilizing this method, we 

identified four new PAA conjugates: PAA-Leu, PAA-Phe, PAA-Val and PAA-glc (Supplement II, Fig. 2; 

Fig. 3). Although in vitro synthesis of PAA-glc has been reported previously (Aoi et al., 2020c), we 

provide the first evidence of its presence in Arabidopsis and spruce tissues (Supplement II, Fig. 2C). 
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Furthermore, we conducted bacterial enzymatic assays with AtUGT84B1 and AtUGT74D1 expressed 

in Escherichia coli to investigate their conjugation activity towards PAA (Supplement II, Fig. 2E). Our 

findings demonstrate that both enzymes are capable of forming PAA-glc in vitro. Finally, this was 

also confirmed in Arabidopsis ugt74d1 and ugt84b1 knockout lines, which exhibited reduced 

concentrations of PAA-glc compared to wild type Columbia-0 (Supplement II, Fig. 2D). 

 

 

Fig. 8: Scheme of PAA metabolism. Black arrows combined with enzyme names (white text in a black box) represent 

previously known metabolic pathways. Green arrows and boxes with enzyme names indicate the newly described 

pathways presented in Supplement II. Abbreviations: ER, endoplasmic reticulum; PAA, phenylacetic acid; PAA-AAs, 

phenylacetyl-amino acids; PAA-glc, phenylacetyl-1-O-ß-d-glucose; UGTs, uridine 5'-diphospho-glucuronosyltransferases. 

    

 Similar experiments were also performed for the newly identified PAA-AAs. These metabolites 

were detected in all pea tissues and also in wheat cotyledons, although at concentrations not 

surpassing 8 pmol/g FW (Supplement II, Fig. 3B). These low concentrations mirror those of their IAA 

and oxIAA relatives. The potential for their synthesis in Arabidopsis was examined through PAA 

treatment, revealing their formation even after 30 minutes (Supplement II, Fig. 3C). However, their 

levels did not show significant increases over time, indicating rapid turnover. While the involvement 

of GH3 enzymes in PAA-Glu and PAA-Asp synthesis has been previously published (Sugawara et al., 

2015; Staswick et al., 2017), our study demonstrates that these enzymes also form other PAA-AAs 
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(Supplement II, Fig. 3D). Although the hydrolysis of IAA-AAs back to IAA has been documented 

(Bartel and Fink, 1995; Hayashi et al., 2021), such a process has not been investigated for PAA-AAs. 

Utilizing bacterial enzyme assays with AtIAR3, AtILL2, AtILL6 and AtILR1 enzymes cloned in E. coli, 

we confirmed that PAA-Glu, PAA-Leu, PAA-Trp and PAA-Val can serve as substrates for these 

enzymes and then release free PAA (Supplement II, Fig. 3E). Overall, our findings confirm that PAA 

undergoes metabolic processes similar to IAA. 

 Previous studies have extensively measured PAA levels in diverse plant species and their tissues 

(reviewed in Perez et al., 2023), however our understanding of PAA metabolism is largely restricted 

to Arabidopsis. Therefore, we conducted a comprehensive analysis of known PAA metabolites 

across six species spanning from Eudicots to Bryophyta (Supplement II, Tab. 1). Our findings showed 

that PAA-AA formation is the dominant metabolic pathway in all species except spruce. Conversely, 

in spruce, PAA glycosylation emerges as the preferred metabolic pathway. 

 To further elucidate the complementarity of these two metabolic pathways, we utilised 

Arabidopsis knockout lines gh3.1,2,3,4,5,6 and gh3.1,2,3,4,5,6,9,17, which lack the formation of 

amino acid conjugates depending on GH3 activity. It was hypothesised that a metabolic shift 

towards other conjugates would be induced after PAA treatment. This was successfully observed 

by blocking PAA-Asp synthesis in both lines, as there was no significant increase after PAA 

treatment (Supplement II, Fig. 4B). However, higher levels of PAA-Glu were detected in gh3 mutant 

lines compared to WT Col-0 (Supplement II, Fig. 4C). This indicates GH3-independent synthesis of 

PAA-AA conjugates or the potential that these mutant lines are not null expressing lines, which is 

consistent with findings regarding IAA conjugates (Casanova-Sáez et al., 2022). Despite the 

increases in PAA levels, PAA-glc concentrations remained unaltered compared to WT Col-0, 

suggesting no compensation in Arabidopsis (Supplement II, Fig. 4A, 4D). To validate this lack of 

complementarity in other species, we employed the selective GH3 inhibitor KKI (Fukui et al., 2022). 

Our results demonstrated a similar trend in spruce and Arabidopsis, with significant differences 

observed in PAA-AA levels between PAA alone or PAA+KKI treatments. Interestingly, no difference 

in PAA-glc levels was noted (Supplement II, Fig. 5A, B). On the other hand, KKI did not prevent IAA-

Asp synthesis in P. patens, raising questions about species-specific differences in GH3 enzymes 

(Supplement II, Fig. 5C). Moreover, PAA-glc was not detected in the moss even after PAA treatment, 

suggesting the inability to synthesize this conjugate. In conclusion, our data contribute to a better 

understanding of PAA metabolism in plants, but also highlight the potential significance of other 

as-yet-undiscovered metabolic pathways. 

 

More information is provided in Supplement II - Hladík P., Brunoni F., Žukauskaitė A., Zatloukal M., Novák O., Pěnčík A. 
(2023) Phenylacetic acid metabolism in plants: unravelling novel pathways and metabolites by liquid chromatography-
mass spectrometry analysis. (In preparation) 
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5.3 Method development for novel synthetic auxin derivatives  

Over the past decades, numerous synthetic hormone analogues, encompassing agonists, 

antagonists or fluorescently labelled compounds, have been utilized (Jiang and Asami, 2018). These 

analogues serve as invaluable tools for investigating auxin distribution and signalling pathways. To 

facilitate these studies, several novel NBD- or DNS-labelled IAA derivatives were prepared 

(Supplement III). Remarkably, DNS-labelled molecules exhibited the capacity to impede IAA 

signalling by downregulating the expression of early responsive auxin genes. To validate the uptake 

of these compounds and their stability in planta, an extraction protocol and an LC-MS/MS method 

were developed. 

 The chosen extraction protocol employed LLE with a solvent mixture of 

water:acetonitrile:hexane (1:1:1) (Supplement III, Tab. S2). This extraction method, previously 

proven to be effective for the extraction of fluorescently labelled auxin analogues (Pařízková et al., 

2021), was adapted and optimized for the current study. Subsequently, an LC-MS/MS method was 

developed involving the optimization of LC and MS conditions for each compound (Supplement III, 

Tab. S1).  The efficacy of this method was then demonstrated by measuring the uptake of new 

fluorescent auxin derivatives by Arabidopsis plants after a 30-min treatment (Supplement II, Fig. 

7C). Similarly, their stability was assessed after 1, 3 and 6 h of treatment (Supplement II, Fig. S1). 

Overall, these studies revealed a good uptake of all compounds by Arabidopsis roots, albeit with 

poor stability observed over longer treatment durations, suggesting their suitability for short-term 

experimental applications. 

 

More information is provided in Supplement III - Bieleszová K., Hladík P., Kubala M., Napier R., Brunoni F., Gelová Z., 
Fiedler L., Kulich L., Strnad M., Doležal K., Novák O., Friml J., Žukauskaitė A. (2024) New fluorescent auxin derivatives: 
anti-auxin activity and accumulation patterns in Arabidopsis thaliana. Plant Growth Regul. 102, 589-602.  

 

The structural similarity of synthetic auxin analogues poses a challenge for their separation and 

highlights the need for innovative analytical approaches. To address this, we employed desorption 

electrospray ionization coupled with ion mobility mass spectrometry imaging (DESI-IM-MSI) to 

visualize and separate selected isomers. Specifically, two isomers, auxinole and 4pTb-MeIAA, were 

administered to Arabidopsis plants, quantified using DESI-IM-MSI and LC-MS/MS techniques, and 

the results obtained were compared. 

Therefore, we developed and optimized LLE protocols and LC-MS/MS methods for both 

compounds (Supplement IV, Tab. S1; Tab. S2). Subsequently, administered to Arabidopsis plants 

were treated with auxinole and 4pTb-MeIAA, and their levels were measured using LC-MS/MS or 
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DESI-MSI with or without ion mobility separation (Supplement IV, Fig. 9). Additionally, IAA 

metabolic profiles were also analysed using these MS-based techniques, with quantification 

performed either in picomoles per gram fresh weight (pmol/g FW) or by calculating the area under 

the curve for the chromatographic peaks of each analyte (Supplement IV, Tab. S4). These 

quantitative data were then compared across all three MS methods (Supplement IV, Fig. S4). 

Ultimately, DESI-IM-MSI emerged as a promising technique for isomer separation that offers high 

spatial resolution imaging of low-molecular-weight compounds from tissues such as Arabidopsis 

roots. 

 

More information is provided in Supplement IV - Zhang C., Bieleszová K., Žukauskaitė A., Hladík P., Grúz J., Novák O., 
Doležal K. (2024) In situ separation and visualization of isomeric auxin derivatives in Arabidopsis by ion mobility mass 
spectrometry imaging. Anal Bioanal Chem. 416(1), 125-139. 
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6 Conclusion and future perspectives 

This doctoral thesis aims to broaden our understanding of auxin metabolism in various plant species 

and their organs.  Through the application of LC-MS/MS methods, several novel conjugates of two 

auxins, IAA and PAA, together with their metabolic pathways, were identified. Additionally, the 

development of extraction and detection methods for newly synthesized synthetic auxins with anti-

auxin activity enabled the measurement of their uptake and stability in planta. 

 

The key results obtained in this thesis include the following: 

 

• Utilizing the LC-MS/MS detection methods, novel oxIAA and PAA amino acid conjugates 

were identified for the first time in planta. 

• Analysis of auxin metabolic profiles in organs of various plant species at different growth 

stages facilitated the elucidation of dominant metabolic pathways during seedlings 

development.  

• The enzymes responsible for PAA conjugation with amino acids and glucose in planta have 

been characterised. Moreover, the interrelationship of these metabolic pathways was 

explored in Arabidopsis, spruce and moss, indicating the potential existence of additional 

unexplored pathways. 

• New extraction and LC-MS/MS methods were developed for NBD- and DNS-labelled auxins 

with anti-auxins activity and employed to measure their stability and uptake by Arabidopsis 

roots. 

• A new DESI-IM-MSI method was developed for in situ imaging of two synthetic auxin 

isomers, auxinole and 4pTb-MeIAA. Quantitative results were then compared with a 

conventional LC-MS/MS approach, highlighting the potential of high spatial resolution 

imaging of low-molecular-weight compounds by the DESI-IM-MSI. 

 

In summary, the results presented in this thesis should help to understand auxin homeostasis in 

plants as well as their organs and cells. In the future, follow-up experiments could explore whether 

these novel metabolites and biosynthetic pathways play roles in plant responses to environmental 

stimuli, such as biotic or abiotic stresses. Additionally, considering the insights gained from 

measuring PAA metabolism complementarity, further screening for additional PAA conjugates 

should be performed.  
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Metabolic profiles of 2-oxindole-
3-acetyl-amino acid conjugates
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Auxins are a group of phytohormones that play a key role in plant growth and

development, mainly presented by the major member of the family - indole-3-

acetic acid (IAA). The levels of free IAA are regulated, in addition to de novo

biosynthesis, by irreversible oxidative catabolism and reversible conjugation with

sugars and amino acids. These conjugates, which serve as inactive storage forms

of auxin and/or degradation intermediates, can also be oxidized to form 2-

oxindole-3-acetyl-1-O-ß-D-glucose (oxIAA-glc) and oxIAA-amino acids (oxIAA-

AAs). Until now, only oxIAA conjugates with aspartate and glutamate have been

identified in plants. However, detailed information on the endogenous levels of

these and other putative oxIAA-amino acid conjugates in various plant species

and their spatial distribution is still not well understood but is finally getting more

attention. Herein, we identified and characterized two novel naturally occurring

auxin metabolites in plants, namely oxIAA-leucine (oxIAA-Leu) and oxIAA-

phenylalanine (oxIAA-Phe). Subsequently, a new liquid chromatography–

tandem mass spectrometry method was developed for the determination of a

wide range of IAA metabolites. Using this methodology, the quantitative

determination of IAA metabolites including newly characterized oxIAA

conjugates in roots, shoots and cotyledons of four selected plant models -

Arabidopsis thaliana, pea (Pisum sativum L.), wheat (Triticum aestivum L.) and

maize (Zea mays L.) was performed to compare auxin metabolite profiles. The

distribution of various groups of auxin metabolites differed notably among the

studied species as well as their sections. For example, oxIAA-AA conjugates were

the major metabolites found in pea, while oxIAA-glc dominated in Arabidopsis.

We further compared IAA metabolite levels in plants harvested at different

growth stages to monitor the dynamics of IAA metabolite profiles during early

seedling development. In general, our results show a great diversity of auxin

inactivation pathways among angiosperm plants. We believe that our findings will

greatly contribute to a better understanding of IAA homeostasis.

KEYWORDS

auxin metabolism, auxin conjugates, HPLC-MS/MS, indole-3-acetic acid, 2-oxindole-3-
acetic acid, catabolism, quantitative analysis

Frontiers in Plant Science frontiersin.org01

OPEN ACCESS

EDITED BY

Simon Scofield,
Cardiff University, United Kingdom

REVIEWED BY

Nathan Tivendale,
University of Western Australia, Australia
Atsushi Okazawa,
Osaka Metropolitan University, Japan
Walter Dewitte,
Cardiff University, United Kingdom

*CORRESPONDENCE
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Introduction

The plant hormone auxin is involved in many growth and

developmental processes. For the regular control of these processes,

it is necessary to create local auxin gradients within cells and organs,

which are mainly regulated by biosynthesis, polar transport, and

metabolism. Although auxin metabolic pathways and endogenous

levels of individual metabolites are well characterised in

Arabidopsis, auxin biosynthesis and metabolism are diverse

among the plant kingdom (Matsuda et al., 2005; Kai et al., 2007b;

Sugawara et al., 2015; Brunoni et al., 2020; Brunoni et al., 2023).

However, a full understanding of the biochemical processes in

economically important crop plants is needed to better prepare

for the ever-increasing demands. The Poaceae is the most

agriculturally grown plant family. Maize, rice and wheat are the

world’s most important source of food, with more than 600 million

tons each being harvested annually (Shewry, 2009). Unfortunately,

increasingly demanding growth conditions caused by climate

change are reducing their yield. Another highly cultivated family

is the Fabaceae, which are able to process nitrogen from the

atmosphere through their symbiosis with nitrogen-fixing bacteria

(Broughton et al., 2003). Pea, an important member of this family is

used as a model plant since the beginning of the genetics research

and was also used in the early auxin research to confirm its role

in apical dominance (reviewed in Smýkal, 2014). Elucidation

of auxin metabolic pathways in these species should lead to a

better understanding of plant growth and adaptation to

extreme conditions.

The most important auxin indol-3-acetic acid (IAA) can form

biologically inactive metabolites via an amide bond with amino

acids, peptides, and proteins or through an ester bond with glucose,

inositol, and glucan (reviewed in Seidel et al., 2006; Normanly, 2010;

Ludwig-Müller, 2011; Casanova-Sáez et al., 2021). In Arabidopsis,

amide conjugates constitute 78% to 90% of the total IAA pool (Tam

et al., 2000; Ljung et al., 2002), whereas in monocots IAA

predominantly exists in the form of IAA esters (Ludwig-Müller,

2011). For example, in rice seeds, esters constitute 68% to 70% of the

total IAA pool (Bandurski and Schulze, 1977). The conjugation of

IAA with amino acids is mediated by a group of GRETCHEN

HAGEN 3 (GH3) enzymes (Staswick et al., 2005). The most

abundant IAA amino acid conjugates indole-3-acetyl-aspartic acid

(IAA-Asp) and indole-3-acetyl-glutamic acid (IAA-Glu) have been

determined in a number of plant species such as Arabidopsis (Östin

et al., 1998; Novák et al., 2012), rice (Matsuda et al., 2005) or spruce

(Brunoni et al., 2020). Indole-3-acetyl-alanine, indole-3-acetyl-

leucine (IAA-Leu) (Kowalczyk and Sandberg, 2001) and indole-3-

acetyl-tryptophan (Staswick, 2009) have been also detected in

Arabidopsis. Furthermore, endogenous levels of IAA conjugates

with glycine, phenylalanine (IAA-Phe) and valine were determined

in seeds of Helleborus niger (Pěnčı ́k et al., 2009). Besides

conjugation, IAA may be inactivated by oxidation to 2-oxindole-

3-acetic acid (oxIAA). Until recently, this mechanism was

considered to be the main catabolic pathway of IAA (Östin et al.,

1998; Woodward and Bartel, 2005; Pěnčıḱ et al., 2013). Oxidized

IAA can be further glucosylated to 2-oxindole-3-acetate-glucosyl

ester (oxIAA-glc) (Tanaka et al., 2014).

There is also evidence of oxidation of IAA-Asp to 2-oxindole-3-

aspartic acid (oxIAA-Asp). Application of exogenous IAA to

branches of aspen (Populus tremula L.) led to an increase in IAA-

Asp concentration and later formation of oxIAA-Asp (Plüss et al.,

1989). Arabidopsis plants supplemented with exogenous IAA

accumulated endogenous IAA-Asp, IAA-Glu, and oxIAA-Asp,

while formation of oxIAA-Glu was not observed (Östin et al.,

1998). When feeding Arabidopsis with deuterium-labeled IAA-

Valine and IAA-Phe, the formation of oxIAA-Valine and oxIAA-

Phe was confirmed, but no endogenous levels were detected (Kai

et al., 2007a). Recent research revealed that DIOXYGENASE FOR

AUXIN OXIDATION 1 (DAO1) is responsible for the conversion

of IAA-Asp to oxIAA-Asp in Arabidopsis (Müller et al., 2021).

oxIAA-Asp can be further converted to corresponding high

molecular weight oxIAA-peptides (Riov and Bangerth, 1992) or

3-hydroxy-oxIAA (Tsurumi and Wada, 1986; Hayashi et al., 2021).

So far, only oxIAA-Asp and oxIAA-Glu have been determined as

endogenous metabolites in Arabidopsis (Hayashi et al., 2021),

oxIAA-Asp in roots of rice (Isobe and Miyagawa, 2022), lychee

leaves, flowers (Kim et al., 2021) and ovaries (Osako et al., 2022),

while oxIAA-Glu was also detected in lychee leaves (Kim et al.,

2021). In rice, oxIAA-Glu was not detected in the tissue, but it was

present in hydroponic medium after stress treatment, thus

suggesting its formation in rice (Isobe and Miyagawa, 2022). For

a long time, the GH3-mediated conjugation and irreversible

oxidation of IAA by DAO1 were believed to be two parallel

pathways of auxin inactivation. Hayashi et al. (2021) showed that

in Arabidopsis DAO1 preferably oxidizes IAA-amino acid

conjugates IAA-Asp and IAA-Glu into oxIAA-Asp and oxIAA-

Glu, respectively, which are subsequently hydrolysed by IAA-Leu-

Resistance1/Arabidopsis ILR1-Like hydrolases (ILR1/ILL) to

inactive oxIAA. Both mechanisms therefore contribute to the

same auxin inactivation pathway (Figure 1). Recently, oxIAA

conjugation mediated by GH3 enzymes has also been confirmed,

however, its contribution to IAA homeostasis is species-dependent

(Brunoni et al., 2023).

Auxins are present in plants in trace amounts, making their

quantitative and qualitative analysis very challenging (Fu et al.,

Abbreviations: BBCH, Biologische Bundesanstalt, Bundessortenamt und

Chemische Industrie scale; DAO1, DIOXYGENASE FOR AUXIN

OXIDATION 1; GH3, GRETCHEN HAGEN 3; HPLC, high-performance

l iquid chromatography; HPLC-MS/MS, high-performance l iquid

chromatography with tandem electrospray mass spectrometry; IAA, indole-3-

acetic acid; IAA-AA, indole-3-acetyl-amino acid; IAA-Asp, indole-3-acetyl-

aspartic acid; IAA-glc, indole-3-acetyl-1-O-ß-D-glucose; IAA-Glu, indole-3-

acetyl-glutamic acid; IAA-Leu, indole-3-acetyl-leucine; IAA-Phe, indole-3-

acetyl-phenylalanine; ILR1/ILL, IAA-Leu-Resistance1/Arabidopsis ILR1-Like

hydrolases; in-tip µSPE, micro-scale in-tip solid-phase extraction; oxIAA, 2-

oxindole-3-acetic acid; oxIAA-AA, 2-oxindole-3-acetyl-amino acid; oxIAA-Asp,

2-oxindole-3-acetyl-aspartic acid; oxIAA-glc, 2-oxindole-3-acetyl-1-O-ß-D-

glucose; oxIAA-Glu, 2-oxindole-3-acetyl-glutamic acid; oxIAA-Leu, 2-

oxindole-3-acetyl-leucine; oxIAA-Phe, 2-oxindole-3-acetyl- phenylalanine;

PCA, principal component analysis ; UGT84B1/UGT74D1, UDP-

glucosyltransferase 84B1/74D1.
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2011; Du et al., 2012; Porfıŕio et al., 2016). Many solvents are used

for extraction, such as organic solvents or aqueous buffers (reviewed

in Du et al., 2012). Recently, sample purification by solid-phase

extraction (SPE) has become the most used method of auxin

purification with the tendency to minimize the amount of

solvents and analytes (Liu et al., 2007; Liu et al., 2012; Novák

et al., 2012; Porfıŕio et al., 2016; Pěnčıḱ et al., 2018; Wang et al.,

2020). Until now, a wide range of sorbents have been used for

purification: reverse phase columns C18 (Rolčıḱ et al., 2005;

Tivendale et al., 2012), and HLB (Novák et al., 2012), poly

(styrene-divinylbenzene) copolymer SDB-XC (Pěnčıḱ et al., 2018)

or mixed-mode ion-exchange polymeric sorbents (Dobrev et al.,

2005; Izumi et al., 2009). Gas chromatography and high-

performance liquid chromatography (HPLC) are the most widely

used methods for auxin detection (Porfıŕio et al., 2016). Modern

methods provide fast and efficient separation of several classes of

phytohormones (Šimura et al., 2018; Široká et al., 2022). Examples

given are nanoflow capillary liquid chromatography (Izumi et al.,

2009) or ultra-high performance liquid chromatography using sub-

2 mm particles and higher pressure tolerance (1000 bar versus 500

bar for HPLC), which together allow more efficient and faster

separation of substances (Novák et al., 2008; Kojima et al., 2009).

For auxin analysis, the combination of high-performance liquid

chromatography with tandem mass spectrometry (HPLC-MS/MS)

is currently the most used method (Kai et al., 2007a; Novák et al.,

2012; Sugawara et al., 2015; Pěnčıḱ et al., 2018).

Although some oxIAA-amino acids have been identified in

plants, information about their occurrence in various plant species

and distribution within individual plant organs is still under-

investigated. In this study, we identified two novel oxIAA amide

conjugates oxIAA-Leu and oxIAA-Phe and performed tissue-

specific quantitative determination of four 2-oxindole-3-acetic

acid amides: oxIAA-Asp, oxIAA-Glu, oxIAA-Leu and oxIAA-Phe

using optimised protocol combining micro-scale in-tip solid-phase

extraction (in-tip mSPE) with HPLC-MS/MS. In order to uncover

the diversity of IAA metabolism, we further analysed IAA

metabolite profiles of four representative angiosperm plant

models - Arabidopsis thaliana, pea (Pisum sativum L.), wheat

(Triticum aestivum L.) and maize (Zea mays L.) at multiple

growth stages according to the Biologische Bundesanstalt,

Bundessortenamt und Chemische Industrie (BBCH) scale

(Tottman, 1987; Lancashire et al., 1991; Boyes et al., 2001).

Materials and methods

Reagents and standards

The standards for IAA and indole-13C6-labeled IAA were

purchased from Merck (Germany). Standards for IAA-Asp, IAA-

Glu, IAA-Leu, IAA-Phe, oxIAA, and 13C6-[benzene ring]-IAA-Asp,

[13C6]IAA-Glu and [13C6]oxIAA were purchased from OlChemIm

(Czech Republic). IAA-glc, oxIAA-glc, [13C6]IAA-glc, [13C6]

oxIAA-glc, oxIAA-Asp, oxIAA-Glu, oxIAA-Leu, oxIAA-Phe,

oxIAA-[13C4,
15N]Asp, oxIAA-[13C5,

15N]Glu were synthesised in

accordance to (Kai et al., 2007a; Kai et al., 2007c) with minor

modifications. Plant agar and Murashige & Skoog media were

purchased from Duchefa; methanol for HPLC analysis and all

other chemicals were purchased from Merck (Germany) and

Lach-Ner (Czech Republic).

FIGURE 1

The main IAA inactivation pathways in Arabidopsis thaliana as proposed by Tanaka et al., 2014; Hayashi et al., 2021; Müller et al., 2021 and Brunoni
et al., 2023. Dashed arrows represent metabolic steps that are still not fully described. IAA-AA and oxIAA-AA represent amide-linked conjugates with
amino acids. The enzymes responsible for IAA metabolism shown in black boxes are as follows: DAO1, DIOXYGENASE FOR AUXIN OXIDATION 1;
GH3, GRETCHEN HAGEN 3; UGT84B1/UGT74D1, UDP-glucosyltransferase 84B1/74D1; ILR1, IAA-Leu-Resistance 1.
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Plant material and growth conditions

Arabidopsis seeds (ecotype Col-0) were sterilized with 70%

ethanol with the addition of 0.1% Tween 20 for 5 minutes, sown on

Murashige & Skoog square agar plates (10 g sucrose, 4.4 g MS

medium, 10 g agar per liter, pH 5.7) and cold treated for 4 days prior

to germination. The plates were then transferred to a cultivation

chamber and vertically placed under long-day conditions (16 h

light/8 h dark) at 22 ± 1°C under cool white fluorescent light

(maximum irradiance 550 mmol m−2 s−1). The seedlings were

harvested at different growth stages according to the BBCH scale

(Table S1; Figure S1). Shoots and roots were separated and weighed

in five replicates, homogenized and immediately frozen in liquid

nitrogen, and stored at -80°C until extraction.

Pea (Pisum sativum arvense L.), wheat (Triticum aestivum L.),

and maize (Zea mays L.) seeds were left germinating in the dark for

two, three and four days, respectively, selected according to their

uniformity from a large population, transferred to hydroponic

boxes, watered with Hoagland’s solution and left growing in the

cultivation room (16 h light/8 h dark) at 22 ± 2°C. Three to five

plants per growth stage were harvested (Table S1; Figure S1).

Shoots, roots, and cotyledons were separated and weighed in five

replicates, homogenized and immediately frozen in liquid nitrogen,

and stored at -80°C until extraction.

Extraction and purification of auxins

Frozen samples containing 10 mg of fresh weight (pea, maize,

wheat, Arabidopsis shoot) or 3 mg (Arabidopsis root) were

extracted in 1 ml (500 µl for Arabidopsis root samples) of ice-

cold Na-phosphate buffer (50 mM, pH 7.0, 4°C) containing 0.1%

diethyldithiocarbamic acid sodium salt. A mixture of stable isotope-

labeled internal standards ([13C6]IAA, [
13C6]IAA-Asp, [

13C6]IAA-

glc, [13C6]IAA-Glu, [
13C6]oxIAA, oxIAA-[

13C4,
15N]Asp, [13C6]

oxIAA-glc, oxIAA-[13C5,
15N]Glu) was added to each sample in

amount of 5 pmol each (2.5 pmol for Arabidopsis roots). Due to the

high concentration of oxIAA-Asp in pea seeds, five replicates were

diluted in an ice-cold Na-phosphate buffer by one hundred (10 µl of

sample to 990 µl of Na-phosphate buffer) and then 5 pmol of

internal standards were added as described above. All samples were

then homogenized using a MM400 bead mill (Retsch GmbH,

Germany) at a frequency of 27 Hz for 10 minutes after adding

three zirconium oxide beads. Extracted samples were incubated at

4°C with continuous shaking for 15 minutes and then centrifuged

(15 minutes, 206 642 g, 4°C). From each sample, 200 µl of Na-

phosphate buffer was transferred to clean microtubes, pH adjusted

to 2.7 by 0.1 M hydrochloric acid and purified using in-tip mSPE
(Pěnčıḱ et al., 2018) with two types of extraction sorbents (three

layers of each): HLB AttractSPE™ (Affinisep, France) and SDB-XC

Empore™ (3M, USA). Briefly, multi-StageTip microcolumns were

activated by 50 µl of acetone (centrifugation 10 minutes, 3 846 g, 8°

C), 50 µl of methanol (10 minutes, 3 846 g, 8°C), and 50 µl of water

(15 minutes, 4 654 g, 8°C). The acidified samples were then applied

to activated microcolumns (centrifugation 30 minutes, 16 961 g, 8°

C), washed by 50 µl of 0.1% acetic acid (20 minutes, 9 846 g, 8°C)

and eluted with 50 µl of 80% methanol (20 minutes, 8 653 g, 8°C).

After elution, the samples were evaporated to dryness in vacuo, and

stored at -20°C until HPLC-MS/MS analysis.

For optimization of in-tip mSPE method, three types of

extraction sorbents (SDB-XC Empore™, HLB AttractSPE™, and

C18 Empore™) and their combinations were tested. For the single

sorbent, five layers of HLB or SDB-XC were applied to the StageTip

microcolumn. For multiple sorbent combinations, three layers of

each sorbent were used. To compare extraction recovery of each

microcolumn, 200 µl of acidified Na-phosphate buffer containing 2

pmol of unlabeled standards (IAA, IAA-Asp, IAA-glc, IAA-Glu,

oxIAA, oxIAA-Asp, oxIAA-glc, oxIAA-Glu, oxIAA-Leu, oxIAA-

Phe) was applied to activated microcolumns, washed and eluted as

mentioned above. The samples were then evaporated to dryness in

vacuo and stored at -20°C until HPLC-MS/MS analysis. Finally,

process efficiency of each sorbent was expressed as a percentage

recovery and calculated as the ratio of the peak area of an unlabeled

analyte spiked before mSPE to the peak area of the neat solution

(Matuszewski et al., 2003).

Quantification of IAA metabolites

The evaporated samples were dissolved in 30 ml of 10%

methanol prior to HPLC-MS/MS analysis using a 1290 Infinity

LC system and a 6490 Triple Quadrupole LC/MS system equipped

with Jet Stream and Dual Ion Funnel systems (Agilent

Technologies, CA, USA). The chromatographic reverse-phase

column (Kinetex C18 100A, length 50 mm, diameter 2.1 mm,

particle size 1.7 mm; Phenomenex, CA, USA) was used for the

separation of individual analytes by HPLC. The mobile phase

consisted of deionized water (A) and methanol (B) with the

addition of 0.1% acetic acid. The time of each analysis was 18

min, flow rate 0.3 ml/min and IAA metabolites were eluted using

gradient elution as follows: 0 min – 10% B, 11.5 min – 60% B, 11.75

min – 100% B, 14.75 min – 100% B, 15 min – 10% B. For IAA-glc

quantification in Arabidopsis, different type of column

(Kinetex C18 100A, length 150 mm, diameter 2.1 mm, particle

size 1.7 mm; Phenomenex, CA, USA) was used with the identical

chromatographic conditions as described above. During analysis,

the samples were stored in an autosampler at 4°C, a column

tempered at 40°C and 10 ml of each sample was injected.

Individual analytes were detected by theMS instrument combining

positive and negative ESI mode (+/-) with optimised conditions as

follows: nebulizer pressure, 25 psi; drying gas flow and temperature, 14

l/min and 130°C; sheath gas flow and temperature, 12 l/min and 400°C;

capillary voltage, 2.8 kV in positive mode and 3.0 kV in negative mode;

nozzle voltage, 0 V. Analytes were detected and quantified using

diagnostic multiple reaction monitoring (MRM) transitions of

precursor and appropriate product ions using optimal collision

energies and 50 ms dwell time (Table S2). For data interpretation,

Mass Hunter software (Agilent Technologies, CA, USA) was used.
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Method validation

Seven-day-old pea and wheat seedlings were harvested, weighed,

and immediately frozen in liquid nitrogen, and stored at -80°C until

extraction. Samples of 10 mg of FW were extracted in 1 ml of Na-

phosphate buffer (50 mM, pH 7.0, 4°C, 0.1% diethyldithiocarbamic

acid sodium salt) as previously described. After centrifugation, the

samples were diluted to 5 ml with Na-phosphate buffer and each

sample divided into doses of 200 µl (15 samples per plant).

Subsequently, in five replicates, samples were supplemented with 1

pmol, 10 pmol or without unlabeled standards (IAA, IAA-Asp, IAA-

glc, IAA-Glu, oxIAA, oxIAA-Asp, oxIAA-glc, oxIAA-Glu, oxIAA-

Leu, oxIAA-Phe) and 5 pmol of internal stable isotope-labeled

standards ([13C6]IAA, [
13C6]IAA-Asp, [

13C6]IAA-Glu, [
13C6]IAA-

glc, [13C6]oxIAA, oxIAA-[
13C4,

15N]Asp, [13C6]oxIAA-glc, oxIAA-

[13C5,
15N]Glu). All samples were then acidified and purified by in-

tip mSPE method as described above. Finally, concentrations of all

analytes were quantified by HPLC-MS/MS using a standard isotope

dilution method. To calculate the accuracy of the method, the

deviation of the determined analyte concentration (after

subtraction of endogenous level) from its nominal level (known

amount of analyte standard added to sample) was divided by the

nominal level and expressed as percentage bias. Method precision

was calculated as the relative standard deviation of determined levels.

Data analysis

Multivariate data analysis was performed using SIMCA 17

software (Sartorius Stedim Data Analytics, Umeå, Sweden).

Dataset containing endogenous concentrations (pmol/g FW) was

log transformed, centered and scaled using unit-variance scaling

method. Values under limit of detection (LOD) were replaced with

0.95-fold of respective LOD value. Principal component analysis

(PCA) was calculated for description of data structure. All PCA

models were cross-validated to assess model reliability. Variables

with no or neglectable effect in score plot were excluded.

Results

Development and validation of oxIAA-
amino acids profiling method

Solid phase extraction is becoming the most widely used method

for the purification of phytohormones. In the last decade, there has

been a trend towards minimal use of solvents, which has led to the

development of new solid phase microextraction such as in-tip µSPE,

which was first used for cytokinin analysis (Svačinová et al., 2012) and

later for auxin purification (Liu et al., 2012; Pěnčıḱ et al., 2018). We

adopted the in-tip µSPE purification protocol described by Pěnčıḱ et al.

(2018) to achieve the highest possible extraction efficiency for all IAA

metabolites including novel oxIAA-AA conjugates. The recovery rate

of analytes was tested using three types of extraction sorbents and their

combination: SDB-XC Empore™, HLB AttractSPE™, and C18

Empore™. The recoveries of added auxin standards in acidified Na-

phosphate buffer applied ontomicrocolumns are summarized in Figure

S2. The single-StageTips filled with HLB or SDB-XC sorbents

recovered 49 ± 9% and 59 ± 11% of auxin compounds, respectively.

In good agreement with previously published data (Pěnčıḱ et al., 2018),

multi-StageTips C18/SDB-XC also showed high extraction yields

(mean recovery 60 ± 11%). Under our experimental conditions, the

HLB/SDB-XC microcolumns combined hydrophilic-lipophilic

balance/polymer-based sorbents provided the highest recoveries

ranging from 47% to 89% across all analytes (Figure S2).

Importantly, oxIAA-AA conjugates were efficiently retained on HLB/

SDB-XC sorbents with recovery rates ranging from 47 ± 14% (oxIAA-

Asp) to 76 ± 5% (oxIAA-Leu). According to our findings, a

combination of HLB/SDB-XC sorbents was used to isolate oxIAA-

AA conjugates from the studied plant material.

All auxin metabolites were analysed by LC-MS/MS method

using electrospray ionization in positive and negative modes. MRM

transitions and collision energies were optimised for all analytes and

their corresponding stable isotope labelled internal standards (Table

S2). Confirmation of the newly identified metabolites in pea

cotyledons was performed based on comparisons to the retention

times of a synthetic oxIAA-AA reference standard (Figure 2).

Importantly, two chromatographic peaks were detected due to the

optical activity of investigated compounds at position three in the

oxindole molecule, 8.9/9.5 min for oxIAA-Leu and 9.3/9.8 min for

oxIAA-Phe. Moreover, each sample extract (Arabidopsis, wheat

and pea) was spiked with a mixture of oxIAA-Leu and oxIAA-Phe

at known levels (0, 1.0 and 10.0 pmol). These results also confirmed

the detection of two chromatographic peaks of both new amino acid

conjugates. Representative MRM chromatograms of the spiked

Arabidopsis samples are shown in Figure 2.

For method validation, 18-point calibration curves ranging

from 45 amol to 90 pmol were constructed and the LOD (S/N

ratio > 3) as well as the dynamic linear range were calculated (Table

S2). For newly identified metabolites, the linear range stretched

from 9 fmol to 90 pmol, and for the other compounds, the linear

range started even at 90 amol. Finally, a spiking experiment with

authentic standards of auxin metabolites was performed. Wheat

and pea extracts were used for method validation as representatives

of monocots and dicots, respectively. A standard mixture

containing 1 or 10 pmol of individual authentic standards was

added to extracts containing 2 mg of plant material (homogenized

whole plants) and their recovery was calculated after subtraction of

endogenous levels (Matuszewski et al., 2003). The method accuracy

(percentage deviation from the accepted reference value, % bias)

and method precision (relative standard deviation of determined

levels, RSD) were then calculated (Table S3). Mean method

accuracy was 15 ± 12% bias for pea samples and 19 ± 15% bias

for extracts prepared from wheat seedlings. Method precisions of all

analytes were below 14% RSD for both tested matrices (Table S3).

Overall, our results showed that the method has good linearity, high

sensitivity and sufficient precision and accuracy, and thus the levels

of auxin metabolites were finally determined.
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Quantification of oxIAA-amino
acid conjugates

Endogenous levels of oxIAA-AAs were determined in roots,

cotyledons and shoots of three crop species (maize, pea, and wheat),

and in shoots and roots of Arabidopsis (Figure 3; Table S4). In order

to obtain comparable data, all species were harvested at the same

growth stage 1.0 (Table S1; Figure S1).

Conjugates of oxIAA with Asp and Glu were determined in all

four analysed species, but the levels varied greatly depending on

the species and particular part of the plant. In general, oxIAA-Asp

was found to be the most abundant oxIAA conjugate in pea

tissues, for example concentrations close to 300 nmol·g-1 FW in

cotyledons (Table S4). In contrast, oxIAA-Glu was the major

oxIAA-AA conjugate in Arabidopsis. The determined levels of

oxIAA-Glu were 81/92 pmol·g-1 FW in Arabidopsis shoots/roots,

B

C D

A

FIGURE 2

Representative MRM chromatograms of oxIAA-Leu (A, C) and oxIAA-Phe (B, D). The retention times of oxIAA-Leu (A) and oxIAA-Phe (B) in pea
cotyledons extracts containing 2 mg FW of the tissue (upper) and 5 fmol (oxIAA-leu) or 50 fmol (oxIAA-Phe) of synthetic reference standards (lower).
Arabidopsis extracts spiked with 1 or 10 pmol of oxIAA-Leu (C) and oxIAA-Phe (D) synthetic standards.
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while oxIAA-Asp was detected in lower quantities (16/11 pmol·g-1

FW). In both members of the Poaceae family, wheat and maize,

oxIAA conjugates with Asp and Glu were partially determined. No

oxIAA-Glu was detected in maize shoot samples (Figures 3B).

Moreover, both amino acid conjugates were below the limit of

detection in wheat shoots and cotyledons. Interestingly,

endogenous levels of oxIAA-Asp showed similar pattern in

maize tissues compared to pea samples, but at picomolar

levels (Figure 3A).

The newly identified metabolites, oxIAA-Leu and oxIAA-Phe,

were detected only in cotyledon samples, oxIAA-Phe in maize and

both conjugates in pea (Figures 3C, D). Importantly, these Leu and Phe

conjugates were much less abundant compared to oxIAA-Asp or

oxIAA-Glu. Pea cotyledons contained 7 pmol·g-1 of oxIAA-Phe and

B

C D

A

FIGURE 3

Endogenous levels (pmol · g-1 FW) of oxIAA-Asp (A), oxIAA-Glu (B), oxIAA-Leu (C) and oxIAA-Phe (D) in root, shoot, and cotyledon of maize, wheat,
pea, and root and shoot of Arabidopsis. Levels of oxIAA-Asp and oxIAA-Glu are shown on a logarithmic scale. The error bars indicate the standard
deviations of five replicates (mean ± SD, n=5). One-way ANOVA and Tukey’s post hoc test were applied to log-transformed data to assess the
differences between groups. Different letters (a-g) indicate significant differences at the 5% level of significance. n.d., not detected; n.a., not analysed.
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less than 1 pmol·g-1 of oxIAA-Leu, similar to oxIAA-Phe level in maize

cotyledons (Table S4).

Metabolite profiles of IAA and oxIAA
conjugates in different plant species

Full auxin metabolite profiles including free IAA, oxIAA and

their low-molecular-weight conjugates with amino acids and

glucose were determined in the same four plant models at growth

stage 1.0. The levels of IAA and oxIAA conjugates with individual

amino acids (Asp, Glu, Leu and Phe) were summed up into two

corresponding groups IAA-AA and oxIAA-AA, respectively. The

contributions of different conjugate classes as well as glucosyl esters

were calculated as their relative abundances to the total pool of IAA

metabolites (Figure 4; Table S5). Overall, the relative distribution of

auxin metabolites differed notably within studied species as well as

within the individual plant parts.

The dominant conjugate in Arabidopsis was oxIAA-glc taking

81% (shoots) and 68% (roots) of all measured metabolites, while IAA-

glc and amino acid conjugates of both IAA and oxIAA, as well as free

IAA, were found to have a minor representation in Arabidopsis. The

second most abundant metabolite was oxIAA, which took 15% of the

IAA metabolite pool in the shoots and 23% in the roots (Figure 4A).

B

C D

A

FIGURE 4

Relative distribution of auxin metabolites in Arabidopsis (A), pea (B), maize (C) and wheat (D) plants at 1.0 growth stage. IAA-AA represents a sum of
IAA-Asp, IAA-Glu, IAA-Leu, and IAA-Phe relative abundances; oxIAA-AA represents a sum of oxIAA-Asp, oxIAA-Glu, oxIAA-Leu, and oxIAA-Phe
relative abundances. Non-oxidized forms of IAA are shown in shades of blue and oxidized forms in yellow shades. All samples were measured in five
replicates. R, Roots; S, Shoots; C, cotyledons.
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In contrast, the major auxin metabolites in pea were oxIAA-AA

conjugates, accounting for 53% in shoots and 58% in roots. IAA-AAs

were the second most abundant conjugates in pea shoots (22%) and

roots (15%). In cotyledons, oxIAA-AAs were fully dominant, taking

99% of all auxin metabolites (Figure 4B). Similar profiles of auxin

metabolites were observed in maize and wheat. In both species, oxIAA

was major metabolite in shoots (79% inmaize; 88% in wheat). In other

parts, oxIAA was also the most abundant inactive auxin metabolite;

only free IAA had a greater proportion in maize roots and wheat

cotyledons. Amide conjugates of oxIAA were also present in maize

and wheat, but occupied a relatively minor part of the total auxin

metabolite profile (Figures 4C, D).

Spatiotemporal dynamics of auxin
metabolites distribution during early
plant development

We further investigated the distribution of IAA and its

metabolites during the early development of Arabidopsis, pea,

maize and wheat. Therefore, different plant parts such as roots,

shoots (all species) and cotyledons (only crop species) were sampled

at different growth stages. The first analysed stage was 1.0, in which

the first leaf emerges from the coleoptile in grains, or cotyledons are

fully unfolded in pea and Arabidopsis. The following stages were 1.1

and 1.2, in which the first and second leaf are fully developed and

unfolded (Figure S1). However, the stage 1.1 is not differentiated in

Arabidopsis as first two leaves develop simultaneously.

Principal component analysis (PCA) was used to observe the

variability in auxin metabolite content. As already indicated in

Figure 4, the significant differences of the relative distribution of

auxin metabolites between plant species was observed. Therefore,

each species was evaluated in individual PCA model to describe the

distribution of metabolites in roots and shoots and growth stages

(Figure 5, complete dataset provided as Supplementary Table 6).

The most complex patterns found in this study were later analysed

using additional PCA to describe changes in the development of

individual plant parts (Figure 6).

In Arabidopsis, only stages 1.0 and 1.2 were analysed. At stage

1.0 the cotyledons are completely opened, while stage 1.2 is defined

by fully developed first two true leaves (Boyes et al., 2001). A more

pronounced stage-dependent alteration of auxin metabolome was

observed in shoots, where auxin metabolite content was higher at

the early stage (1.0) and dropped during seedling development up to

stage 1.2 (Figure 5A). This trend was observed not only in auxin

metabolites, but also in free active IAA. Interestingly, there were no

significant changes in auxin metabolome in the roots during

development. Regardless of the stages, oxIAA-glc levels were

much higher in shoots, compared to roots. Pea roots contained a

higher concentration of auxin metabolites than shoots at all growth

stages (Figure 5B). The roots at stage 1.0 were characterised by the

highest content of oxIAA-Asp and oxIAA-Glu, the concentrations

of which gradually decreased until stage 1.2. A similar trend was

observed in the shoots, where the highest levels of all IAA and

oxIAA conjugates were determined at stage 1.0. The levels of

conjugates dropped towards later stages, while oxIAA showed a

maximum at middle stage 1.1 (Figure 6A). In maize and wheat,

higher concentrations were also observed in roots compared to

shoots throughout the development period. In maize, the two earlier

stages were associated with higher levels of oxIAA, while the last

stage was characterized by the accumulation of oxIAA-glc in roots

(Figure 5C). With the increasing stage of development, the

concentration of amino acid conjugates of both IAA and oxIAA

decreased in wheat roots, while oxIAA and oxIAA-glc levels have

changed in the opposite manner (Figures 5D, 6B).

Discussion

Auxin metabolism is a complex process, which is still not very

well understood. Several mechanisms of IAA inactivation and

degradation have been described so far. One of the most

intensively studied and best characterised mechanisms of IAA

inactivation is the conjugation with amino acids mediated by

GH3 enzyme family (Staswick et al., 2005). The amides of IAA

can be then irreversibly oxidized by DAO1 to form oxIAA-AAs

(Müller et al., 2021). Hayashi et al. (2021) revealed that in

Arabidopsis, oxIAA-AAs are hydrolysed by amido hydrolases to

oxIAA, which is then possibly further oxidized to 3-hydroxy-oxIAA

(dioxIAA). According to the newly proposed model of auxin

metabolism, conjugation with amino acids and oxidation of

indole ring contribute to the same pathway, in which oxIAA-AAs

serve as intermediates (Figure 1). This pathway involving oxIAA-

AAs is proposed as a main route of IAA inactivation and is

therefore a key mechanism contributing to auxin homeostasis in

Arabidopsis (Hayashi et al., 2021). Interestingly, it was recently

shown that the GH3-ILR1-DAO pathway does not operate in non-

flowering plants (Brunoni et al., 2020; Brunoni et al., 2023). Apart

from Arabidopsis, endogenous levels of oxIAA-Asp and oxIAA-Glu

were recently determined in lychee (Kim et al., 2021; Osako et al.,

2022), oxIAA-Asp also in rice (Isobe and Miyagawa, 2022).

However, there is no evidence about their endogenous levels and

distribution in other plant species. Furthermore, the occurrence of

oxIAA conjugates with other amino acids was not yet reported.

In our study, we focused on investigating the abundance and

distribution of oxIAA amino acid conjugates (oxIAA-Asp/Glu/Leu/

Phe) in Arabidopsis and three important crop species: maize, pea

and wheat. Therefore, we utilized an optimised analytical method

combining micro-scale purification with LC-MS/MS. For the

isolation of oxIAA amino acid conjugates, we adopted the µSPE

protocol previously developed for the purification IAA metabolites

(Pěnčıḱ et al., 2018). To maximise the yield of the purification step,

we compared the recoveries of oxIAA-AAs as well as other IAA

metabolites using various types of SPE sorbents and their

combinations. Finally, we used multi-µSPE columns assembled

from a combination of HLB and SDB-XC sorbents, which

provided the highest overall extraction yield of all tested sorbents

(Figure S2). The accuracy and precision of the analytical method

was then tested by quantifying known amounts of authentic

standards added to pea and wheat extracts. Overall, the method

validation demonstrated good applicability of the new protocol for

the quantitative analysis of auxin metabolites in distinct plant
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matrices (Table S3). Unsatisfactory method accuracy (up to 48%

bias) was achieved only for oxIAA-Leu and oxIAA-Phe, for which

corresponding isotopically labelled standards are still missing.

Unfortunately, the close-eluting internal standard oxIAA-

[13C5,
15N]Glu was not able to fully compensate for analytes losses

during sample processing and subsequent LC-MS/MS analysis.

Importantly, the reduced accuracy was mainly detected in wheat

samples in which the two novel naturally occurring auxin

metabolites were not detected (Figures 3C, D).

The optimised and validated analytical method was then utilized

for determination of oxIAA amino acid conjugates in Arabidopsis

and three crop species: pea, maize and wheat. In Arabidopsis, oxIAA-

Asp and oxIAA-Glu were determined in comparable levels in both

roots and shoots. According to previously performed quantification

(Hayashi et al., 2021), oxIAA-Glu was the most abundant conjugate

in Arabidopsis, in contrast to other studied species, where oxIAA-

Asp dominated throughout all seedling parts. In crop species, oxIAA

conjugates were mainly accumulated in cotyledons, except for wheat,

in which oxIAA conjugates were detected only in roots. While

oxIAA-Asp and oxIAA-Glu were found in all studied species,

oxIAA-Leu was detected only in pea cotyledons, as well as oxIAA-

Phe, which was additionally detected in cotyledons of maize. Kai et al.

(2007a) previously observed formation of oxIAA-Phe in Arabidopsis

after administration of IAA-Phe. However, here we report for the first

time oxIAA conjugates with Leu and Phe as endogenous

plant metabolites.

The endogenous content of oxIAA amino acid conjugates was

then evaluated in the context of overall auxin metabolome. In

accordance with previous studies (Kai et al., 2007a; Pěnčıḱ et al.,

2018), oxIAA-glc was determined as a major auxin metabolite in

Arabidopsis, followed by oxIAA, while amide-linked conjugates

occupied relatively minor part of the total pool (Figure 4A). In

B

C D

A

FIGURE 5

Auxin metabolites distribution dynamics during plant development in Arabidopsis (A), pea (B), maize (C) and wheat (D). Each figure displays a PCA
biplot, axes PC1 and PC2 express correlation-scaled loadings as concentration of metabolites (black circles) and correlation-scaled scores as
samples of root (R) and shoot (S) at growth stages 1.0 (blue squares), 1.1 (red diamonds) and 1.2 (yellow triangles).
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strong contrast to Arabidopsis, surprisingly no oxIAA-glc was

detected in pea, whereas oxIAA amino acids represented the

dominant class of metabolites in both roots and shoots. In pea

cotyledons, they even made over 99% of total auxin metabolite

content (Figure 4B). Our results are consistent with previous

findings that the majority of IAA in pea is present as low or high

molecular weight amide conjugates (Bandurski and Schulze, 1977).

Interestingly, IAA-glc was below the limit of detection in all sections

of maize and wheat seedling (Figures 4C, D). Nevertheless, IAA

esters were found to be the main conjugated auxin form in seeds of

both crops, as well as in vegetative tissue in case of maize (Bandurski

and Schulze, 1977). Most likely, a major part of ester-linked auxin is

represented by high molecular weight conjugates or indole-3-acetyl-

myo-inositol, which was reported to serve as an important storage

form of auxin in maize seeds (Nowacki and Bandurski, 1980).

Plant development is an ever-changing process controlled by

phytohormones, the levels of which are being strictly regulated by

de novo biosynthesis and metabolism during the entire period of

plant growth. Therefore, we addressed the changes in

concentrations and distribution of auxin and its metabolites

within the seedling at early growth stages as defined by BBCH

scale (Lancashire et al., 1991). During seedling development, the

levels of auxin metabolites, including oxIAA-Asp and oxIAA-Glu,

dropped in Arabidopsis shoots between stage 1.0, when the shoot is

constituted of the hypocotyl and fully developed cotyledons, and

stage 1.2, already having first pair of true leaves fully developed

(Figure 5A). Interestingly, Ljung et al. (2001) showed that IAA

levels in cotyledons and hypocotyls are relatively low and constant

during early seedling development, while its content was

dramatically higher in first two developing true leaves and

decreased dramatically during following leaf expansion.

Furthermore, high IAA levels were strongly correlated with high

cell division rates in Arabidopsis leaves. It can be assumed that

seedling at stage 1.0 already comprise primordia of the first pair of

true leaves, in which the cells divide intensively and thus

accumulate high levels of auxin. The change in auxin metabolite

levels between growth stages 1.0 and 1.2 that we observed is most

likely a consequence of the decrease in IAA concentration during

true leaves development. In agreement with our results, a reduction

of IAA metabolite levels during early Arabidopsis development was

previously observed in one- or two-week-old seedlings (Tam et al.,

2000; Kai et al., 2007a).

Consistently in all crops, higher concentrations of all

metabolites were found in roots at all analysed growth stages

(Figures 5B-D). A similar distribution was previously observed in

another important crop, rice (Oryza sativa L.), where IAA amino

acid conjugates (Matsuda et al., 2005; Kai et al., 2007b), as well as

oxIAA-Asp, dioxIAA-Asp and dioxIAA-Glu (Isobe and Miyagawa,

2022) were determined at higher levels in roots compared to aerial

parts. Like Arabidopsis, the levels of IAA metabolites also depended

on growth stage in crop species. As a common trend across all three

crop species, amide-linked conjugates were the most abundant at

the earliest stage and decreased during the growth towards later

stages. A very pronounced correlation between oxIAA-amino acids

content and growth stage was observed in pea, where the levels of

oxIAA-Asp and oxIAA-Glu were the highest at stage 1.0 and

declined towards the stage 1.2 in both roots and shoots

(Figures 5B, 6A). Interestingly, oxIAA-glc displayed the opposite

pattern to amide-linked conjugates in the roots of both monocots,

as it accumulated mainly at the stage 1.2.

In summary, we performed a comprehensive profiling of auxin

metabolites in Arabidopsis and three crop plant models (pea, maize

and wheat) using an optimised and validated micro-scale

purification protocol combined with LC-MS/MS method. The

novel approach is suitable for profiling of broad range of auxin

metabolites in various plant models. We also identified new

endogenous auxin metabolites (oxIAA-Leu and oxIAA-Phe) in

maize and pea cotyledons. Our findings showed that auxin

BA

FIGURE 6

Dynamics of auxin metabolites distribution in pea shoots (A) and wheat roots (B). Both figures display PCA biplot, axes PC1 and PC2 express
correlation-scaled loadings as concentration of metabolites (black circles) and correlation-scaled scores as samples at growth stages 1.0 (blue
squares), 1.1 (red diamonds) and 1.2 (yellow triangles).
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metabolite profiles differed between species and individual parts of

the seedling (root, shoot and cotyledon). Moreover, the levels of

auxin metabolites also strongly depended on the growth stage of the

seedling, suggesting an important role of IAA metabolism in

maintaining the phytohormonal balance during plant development.
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Novák, O., Hényková, E., Sairanen, I., Kowalczyk, M., Pospıśǐl, T., and Ljung, K.
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Supplementary Figure 1: Plant growth stages according to BBCH scale. 

At stage 1.0, the cotyledons are fully unfolded in pea (A) and Arabidopsis (D), or the first leaf emerges 

from the coleoptile in maize (B) and wheat (C). The following stage 1.1 shows first leaf fully unfolded 

in pea (or first tendril developed) (E), maize (F) and wheat (G). At the last stage 1.2, two leaves are 

fully developed and unfolded in pea (or second tendril developed) (H), maize (I), wheat (J) and 

Arabidopsis (K). Scale bars indicate 1 cm.  

  



 

Supplementary Figure 2: In-tip μSPE sorbents optimization. 

Recoveries (%) of unlabelled auxin standards (2 pmol added to extraction solvent) were calculated as 

a recovery of metabolite initial amounts. For all analytes, two types of extraction sorbents (SDB-XC 

EmporeTM and HLB AttractSPETM) or two multi-StageTips microcolumns (C18/SDB-XC and 

HLB/SDB-XC) were tested and then average recoveries were calculated. All sorbents’ combinations 

were analysed in four replicates and error bars indicate standard deviations of the means (mean ± SD, 

n=4). 



Supplementary Table 1: Age of plants harvested at different growth stages.  

On the dedicated days after planting, four to six plants per species were harvested at the growth 

stages 1.0, 1.1, and 1.2 of the BBCH scale. For Arabidopsis, stage 1.1 is not differentiated as 

the first two leaves develop simultaneously. 

 

 

Growth 

stages 

Arabidopsis   Maize  Pea Wheat  

 (days) 

1.0 7  7 9 5 

1.1 -  9 12 7 

1.2 10  11 14 10 

 

 



Supplementary Table 2: Conditions of HPLC-MRM-MS method.  

Diagnostic MRM transitions and collision energies (CE) were optimised for all auxin metabolites and 

corresponding internal standards. In addition, retention time (RT), limit of detection (LOD), linear 

range and linearity (coefficient of determination, R2) were also measured. Analytes were detected by 

the MS instrument combining positive and negative ESI mode (+/–) with optimised conditions as 

follows: nebulizer pressure, 25 psi; drying gas flow and temperature, 14 l/min and 130 °C; sheath gas 

flow and temperature, 12 l/min and 400 °C; capillary voltage, 2.8 kV in positive mode and 3.0 kV in 

negative mode; nozzle voltage, 0 V. 

 

Analyte 
RT 

(min) 
ESI  MRM  IS IS MRM  

CE 

(V) 

LOD 

(fmol) 

Linear 

range 

(pmol) 

R2 

IAA 5.6 + 176>130 [13C6]IAA 182>136 24 0.045 9*10-5 - 90 0.9989 

IAA-Asp 3.7 + 291>130 [13C6]IAA-Asp 297>136 36 0.45 9*10-4 - 90 0.9992 

IAA-Glu 4.4 + 305>130 [13C6]IAA-Glu 311>136 24 0.45 4.5*10-4 - 90 0.9992 

IAA-Leu 10.3 + 289>130 [13C6]IAA-Glu 311>136 36 0.9 9*10-4 - 90 0.9980 

IAA-Phe 10.7 + 323>130 [13C6]IAA-Glu 311>136 38 4.5 4.5*10-3 - 90 0.9990 

IAA-glc 4.2 – 336>174 [13C6]IAA-glc 342>180 8 90 9*10-2 - 90 0.9988 

oxIAA 3.9 + 192>146 [13C6]oxIAA 198>152 12 0.9 9*10-4 - 90 0.9938 

oxIAA-Asp 2.4; 2.7 + 307>146 oxIAA-[13C4,15N]Asp 312>146 26 4.5 9*10-3 - 90 0.9976 

oxIAA-Glu 3.0; 3.3 + 321>146 oxIAA-[13C5,15N]Glu 327>146 30 4.5 9*10-3 - 90 0.9982 

oxIAA-Leu 8.9; 9.5 + 305>146 oxIAA-[13C5,15N]Glu 327>146 30 0.45 9*10-4 - 90 0.9974 

oxIAA-Phe 9.3; 9.8 + 339>146 oxIAA-[13C5,15N]Glu 327>146 30 4.5 9*10-3 - 90 0.9974 

oxIAA-glc 3.2 – 352>190 [13C6]oxIAA-Glc 358>196 8 0.45 4.5*10-4 - 90 0.9987 

 

 



   

 

Supplementary Table 3:  Method validation. 

Method accuracy (% BIAS) and method precision (% RSD) were determined by spiking experiment. Briefly, samples were extracted in 1 ml 

of Na-phosphate buffer with 10 mg of pea or wheat homogenized plants, diluted to 5 ml with Na-phosphate buffer and each sample aliquoted 

into 200 µl doses (total 15 samples per plant). To each sample, 5 pmol of stable isotope-labelled standards were added. Subsequently, the 

samples were supplemented with unlabelled standards (1 or 10 pmol). The samples were then purified by in-tip µSPE method and the 

concentrations of each analyte were determined by HPLC-MS/MS using isotope dilution method. A set of plant extracts were also processed 

without the addition of unlabelled standards, and endogenous levels of auxin metabolites were subtracted before calculating the validation 

parameters. All samples were analysed in five replicates. 

 

 

 

Analyte Pea Wheat 

  1 pmol 10 pmol 1 pmol 10 pmol 

  BIAS (%)   RSD (%) BIAS (%)   RSD (%) BIAS (%)   RSD (%) BIAS (%)   RSD (%) 

IAA 5.7 / 4.8 14.0 / 7.3 16.2 / 6.3 14.1 / 2.6 

IAA-Asp 16.3 / 13.8 7.5 / 6.1 24.5 / 4.5 8.5 / 4.4 

IAA-Glu 31.8 / 6.1 0.1 / 4.3 33.6 / 4.1 2.6 / 3.5 

IAA-Leu 36.4 / 2.8 21.7 / 7.9 30.4 / 2.7 17.2 / 2.3 

IAA-Phe 29.1 / 4.2 11.5 / 4.2 18.5 / 0.7 3.3 / 1.4 

IAA-glc 0.2 / 1.0 0.5 / 2.0 17.9 / 8.4 17.6 / 3.0 

oxIAA 29.1 / 11.6 1.9 / 4.4 23.7 / 10.4 19.7 / 2.1 

oxIAA-Asp 19.0 / 6.9 3.0 / 4.0 6.4 / 1.2 4.0 / 6.1 

oxIAA-Glu 2.0 / 3.1 0.2 / 4.0 3.0 / 3.5 0.6 / 2.3 

oxIAA-Leu 35.3 / 2.3 27.0 / 8.1 48.2 / 3.1 44.4 / 3.7 

oxIAA-Phe 25.4 / 3.5 20.6 / 6.6 45.2 / 5.8 43.4 / 4.5 

oxIAA-glc 21.2 / 3.5 7.4 / 4.3 11.2 / 6.8 0.3 / 5.3 

 

 

 



   

Supplementary Table 4: Quantification of oxIAA-amino acid conjugates.  

Four oxIAA-AAs were quantified (pmol/g FW ± SD; n=5) in roots, shoots and cotyledons of pea, wheat and 

maize, and roots and shoots of Arabidopsis. <LOD, under the limit of detection. 
 

 

    oxIAA-Asp oxIAA-Glu oxIAA-Leu oxIAA-Phe 

    (pmol/g FW ± SD) 

Arabidopsis 
shoot 16.3 ± 2.4 81.3 ± 15.3 <LOD <LOD 

root 11.4 ± 5.2 91.5 ± 34.2 <LOD <LOD 

                            

Maize 

shoot 6.8 ± 1.7 <LOD <LOD <LOD 

cotyledon 186.7 ± 51.2 9.8 ± 5.2 <LOD 0.9 ± 0.3 

root 29.1 ± 5.7 5.1 ± 1.1 <LOD <LOD 

                            

Wheat 

shoot <LOD <LOD <LOD   

cotyledon <LOD <LOD <LOD <LOD 

root 27.8 ± 5.9 3.9 ± 1.6 <LOD <LOD 

                            

Pea 

shoot 436.0 ± 168.9 12.7 ± 3.3 <LOD <LOD 

cotyledon 296 480.2 ± 27 479.2 1 194.2 ± 221.2 0.8 ± 0.3 6.8 ± 2.5 

root 2 618.2 ± 2 350.7 65.6 ± 13.7 <LOD <LOD 

 



   

Supplementary Table 5: IAA metabolite profiles in Arabidopsis, maize, wheat, and pea. 

Free IAA, oxIAA and their low-molecular-weight conjugates with amino acids and glucose were determined (pmol/g FW) in the four plant 

models at development stage 1.0. The levels of IAA and oxIAA conjugates with individual amino acids (Asp, Glu, Leu and Phe) were summed 

up into two corresponding groups IAA-AA and oxIAA-AA, respectively. The distribution (%) of different conjugate classes was calculated 

as their relative abundance to the total measured IAA metabolite pool (%). All samples were measured in five biological replicates. <LOD, 

under the limit of detection. 

 

 

 

           IAA           IAA-AA           IAA-glc           oxIAA           oxIAA-AA            oxIAA-glc 

    (pmol/g)   (%) (pmol/g)   (%) (pmol/g)   (%) (pmol/g)   (%) (pmol/g)   (%) (pmol/g)   (%) 

Arabidopsis 
shoot 104.4   0.86 69.5   0.6 157.9   1.3 1 863.0   15.3 97.7   0.8 9 869.6   81.2 

root 58.8   1.65 40.0   1.1 94.7   2.7 835.7   23.5 102.9   2.9 2 421.9   68.1 

                                        

Maize 

shoot 16.7   14.19 1.5   1.3 <LOD   - 93.0   78.8 6.8   5.7 <LOD   - 

cotyledon 2 638.2   24.42 76.2   0.7 <LOD   - 7 006.8   64.8 197.9   1.8 885.8   8.2 

root 159.5   49.64 16.6   5.2 <LOD   - 111.0   34.5 34.2   10.6 <LOD   - 

                                        

Wheat 

shoot 18.3   10.33 2.4   1.3 <LOD   - 156.7   88.3 <LOD   - <LOD   - 

cotyledon 70.0   40.00 43.9   25.1 <LOD   - 61.2   34.9 <LOD   - <LOD   - 

root 73.9   11.56 127.5   19.9 <LOD   - 220.1   34.4 31.7   5.0 186.1   29.1 

                                        

Pea 

shoot 84.3   10.04 181.3   21.6 53.5   6.4 71.9   8.6 448.6   53.4 <LOD   - 

cotyledon 14.5   0.005 818.8   0.3 <LOD   - 1 412.3   0.5 297 723.7   99.3 <LOD   - 

root 900.0   19.55 667.1   14.5 69.1   1.5 282.4   6.1 2 683.8   58.3 <LOD   - 

 



    

 

 

 

 

 

 

 

 

 

  

Hladík P., Brunoni F., Žukauskaitė A., Zatloukal M., Novák O., Pěnčík A. (2024) 

Phenylacetic acid metabolism in plants: unravelling novel pathways and 

metabolites by liquid chromatography-mass spectrometry analysis. (In 

preparation) 

 

 

  

Supplement I 

 

Supplement II 

 
Supplement III 

 

Supplement IV 

 



1 
 

Phenylacetic acid metabolism in land plants: unravelling novel 

pathways and metabolites by liquid chromatography-mass 

spectrometry analysis  

 
Pavel Hladík1, Federica Brunoni1, Asta Žukauskaitė2, Marek Zatloukal2, Ondřej Novák1, and Aleš 

Pěnčík1, * 

 
1Laboratory of Growth Regulators, Institute of Experimental Botany, The Czech Academy of Sciences 

& Faculty of Science, Palacký University - Olomouc (Czech Republic) 

 2Department of Chemical Biology and Genetics, Centre of the Region Haná for Biotechnological and 

Agricultural Research, Faculty of Science, Palacký University - Olomouc (Czech Republic) 

* Corresponding author 

 

Abstract  

Maintaining optimal levels of biologically active phytohormone is essential for facilitating growth and 

developmental processes in plants. In the regulation of intracellular auxin homeostasis, its inactivation 

via conjugation plays a pivotal role. While significant progress has been made in understanding the 

conjugation and metabolism of indole-3-acetic acid (IAA), little is known about the regulatory pathways 

governing the metabolism of another auxin, phenylacetic acid (PAA). Here, we present a comprehensive 

investigation aimed at elucidating PAA metabolism in land plants. We conducted thorough screening of 

PAA metabolites using HPLC-MS/MS, resulting in the identification of four novel metabolites: 

phenylacetyl-leucine (PAA-Leu), phenylacetyl-phenylalanine (PAA-Phe), phenylacetyl-valine (PAA-

Val), and phenylacetyl-glucose (PAA-glc). The formation of these novel conjugates was verified by 

PAA feeding experiments. Comprehensive LC-MS profiling revealed significant differences in PAA 

conjugate distribution across the studied species, indicating a great diversity of auxin metabolic 

pathways in land plants. In vitro enzymatic assays and together with mutant analysis were employed to 

investigate the interplay within PAA metabolic pathways in maintaining PAA homeostasis.   

 

Keywords 

auxin, phenylacetic acid, metabolism, conjugation, phytohormone homeostasis, glucosyl ester, Gretchen 

Hagen 3, HPLC-MS/MS, plant hormone, metabolite profiling 
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Introduction 

Auxins are a class of phytohormones that are essential for coordinating plant growth and development. 

Indole-3-acetic acid (IAA) has been extensively investigated due to its diverse physiological impacts. 

Phenylacetic acid (PAA), another constituent of the auxin family, has recently gained attention due to 

its potential significance in plant physiology and auxin signalling pathways. Although PAA is more 

prevalent than IAA in many plant species, its physiological roles and regulatory mechanisms are not yet 

fully understood (Wightman & Lighty, 1982; Sugawara et al., 2015, Cook, 2019). The auxin activity of 

PAA has been estimated to be less than 10% of that of IAA by three typical auxin tests: cylinder test, 

oat bending test and the pea test (Haagen-Smit & Went, 1935). However, its main activity appears to be 

in lateral roots induction and in root growth promotion (reviewed in Cook, 2019; Perez et al., 2023). 

Additionally, PAA has antimicrobial properties, exhibiting both anti-fungal and anti-bacterial activities 

(Kawazu et al., 1996; Liu et al., 2014; Zhang et al., 2022). Plants increase PAA production when 

attacked by herbivores, which has been observed to provide protection against fungal pathogens when 

applied exogenously (Perez et al., 2023). However, the exact biological function of PAA in plant defence 

mechanisms is still unclear and requires further evidence (Kunkel & Harper, 2018). 

 

Figure 1: Scheme of PAA metabolism. Newly identified pathways and conjugates are highlighted in green. 

Dashed arrow represents putative metabolic step that is still not fully characterised.  AA, amino acid; GH3, 

GRETCHEN HAGEN 3; ILR/ILL, IAA-LEUCINE RESISTANT 1/ILR1-LIKE proteins; PAA, phenylacetic acid; 

PAA-glc- PAA-glucose. 

 

The conjugation pathways of PAA appear to be mirror images of those of IAA, as both compounds 

undergo the analogous conjugation processes mediated by identical enzymes. Initial investigations in 

2005 revealed that GRETCHEN HAGEN 3 (GH3) proteins, which are known for their role in forming 

IAA-amides with amino acids (IAA-AAs), also exhibit in vitro sensitivity to PAA (Staswick et al., 

2005). Subsequently, the first two conjugates PAA-aspartate (PAA-Asp) and PAA-glutamate (PAA-

Glu) were identified utilizing transgenic Arabidopsis thaliana plants expressing β-estradiol-inducible 

YUCCA enzymes, which led to the increase of endogenous levels of PAA-Glu by 14 to 41-fold and 

PAA-Asp levels by 1.6 to 3.8-fold (Sugawara et al., 2015). The confirmation of GH3 enzyme 
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involvement in this synthesis has been provided by β-estradiol-inducible GH3.9 transgenic plants, which 

increased endogenous PAA-Glu levels in Arabidopsis by 13-fold (Sugawara et al., 2015). Confirmation 

of GH3 enzyme involvement was further demonstrated in GH3.5 overexpressing plants. In these plants, 

levels of PAA decreased by up to 5-fold, while the concentration of PAA-Asp increased by 15 to 70-

fold (Westfall et al., 2017). Additionally, experiments involving wild-type plants treated with both IAA 

and PAA revealed that the application of one auxin decreased the concentration of the other, leading to 

increased levels of their respective aspartate metabolites in a GH3-dependent manner (Aoi et al., 2020a). 

Other IAA metabolites conjugated with amino acids have also been detected in plants (Kowalczyk & 

Sandberg, 2001; Pěnčík et al., 2009; Staswick, 2009), their concentrations are typically much lower than 

those of IAA-aspartate and IAA-glutamate, likely due to rapid conversion to free IAA mediated by 

enzymes such as IAA-LEUCINE RESISTANT 1 (ILR1), ILR1-LIKE proteins (ILLs), and IAA-

ALANINE RESISTANT 3 protein (IAR3) (Bartel & Fink, 1995; Davies et al., 1999; LeClere et al., 

2002), or through oxidation to oxIAA-amino acids (oxIAA-AAs) (Hladík et al., 2023). Notably, from 

this group, only PAA-Trp was identified in Arabidopsis at concentrations 17-fold higher than its IAA 

counterpart, suggesting its potential significance in plant physiology (Staswick et al., 2017). 

An alternative pathway in auxin metabolism involves the formation of glucosides catalysed by the 

enzymes UGT74D1 and UGT84B1 (Jackson et al., 2001; Mateo-Bonmatí et al., 2021). In in vitro 

experiments, both IAA and PAA have been shown to serve as substrates for UGT84B1. However, only 

IAA glucose ester (IAA-glc) has been detected in vivo (Aoi et al., 2020b; Grubb et al., 2004).  IAA 

methylation, mediated by the IAA CARBOXYMETHYLTRANSFERASE 1 (IAMT1) enzyme, has 

been demonstrated in plants (Qin et al., 2005). However, overexpression of the IAMT1 enzyme in 

Arabidopsis did not lead to a reduction in PAA levels, suggesting that PAA methylation may not occur 

in plants, despite its observation in Escherichia coli (E. coli) (Takubo et al., 2020). Until now, all these 

experiments have only been conducted in Arabidopsis, so it is unclear if the same results can be 

replicated in other plant species. 

Recent years have witnessed new discoveries in PAA metabolism. However, our understanding of how 

PAA is metabolized in plants remains incomplete. In this study, we confirmed the formation of PAA 

glucose ester (PAA-glc) in planta for the first time and identified three novel endogenous amino acid 

conjugates phenylacetyl-leucine (PAA-Leu), phenylacetyl-phenylalanine (PAA-Phe) and phenylacetyl-

valine (PAA-Val). Additionally, we conducted quantitative profiling of range of PAA metabolites across 

a spectrum of model plant species, spanning from Bryophyta to Angiosperms. This analysis was carried 

out using an optimized high-performance liquid chromatography-tandem mass spectrometry (HPLC-

MS/MS). To elucidate PAA metabolic pathways, we further performed bacterial enzyme assays to 

investigate the formation and turnover of PAA conjugates in vitro. Subsequently, PAA feeding 

experiments on Arabidopsis mutant lines, spruce and Physcomitrium revealed PAA metabolic pathways 

in planta.  
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Materials and Methods 

Reagants and standards 

Plant agar and Murashige & Skoog media were purchased from Duchefa (Haarlem, Netherlands). 

Hypergrade purity methanol for HPLC-MS/MS analysis and all other chemicals, were purchased from 

Lach-Ner (Neratovice, Czech Republic), Merck KGaA (Darmstadt, Germany), and Sigma-Aldrich (St. 

Louis, MA, USA). Standards for PAA and 13C6-labeled PAA were purchased from Merck KGaA 

(Darmstadt, Germany). IAA-glc and [13C6]IAA-glc were synthesised in accordance to (Kai et al., 2007a; 

Kai et al., 2007b) with minor modifications. Standards for [13C6]PAA-Asp and [13C6]PAA-Glu were 

prepared according to the method of Dr. Volker Magnus (Ruder Boškovič Institute Zagreg Croatia) for 

the preparation of auxine-amino acids conjugates via “active ester“ reactive intermediate. The two step 

method consists in esterification of [13C6]-phenylacetic acid with N-hydroxysuccinimide at presence of 

N,N´-dicyclohexylcarbodiimide (DCC) as a peptide coupling agent in ethyl acetate to give [13C6]-

phenylacetic acid-N-succinimide ester and subsequent reaction of ester with sodium salt of 

corresponding amino acid (L-Asp or L-Glu) in dioxan/water. Final conjugates were purified by 

crystallization or column chromatography. PAA-glc was synthesized via a direct Mitsunobu 

glycosylation of PAA with unprotected glucose, adopting reaction conditions from Takeuchi et al., 

(2020).  

Plant material and growth conditions 

Arabidopsis thaliana seeds ecotype Columbia 0 (Col-0) were used as wild type for all the experiments. 

Knockout mutant lines gh3.1,2,3,4,5,6 (gh3sex; Porco et al., 2016), ugt74d1 and ugt84b1 (Mateo-

Bonmatí et al., 2021) were obtained from prof. Karin Ljung (Umeå Plant Science Centre, Sweden). 

Arabidopsis thaliana (L.), maize (Zea mays L.), pea (Pisum sativum arvense L.), and wheat (Triticum 

aestivum L.) were cultivated as previously published in Hladík et al., (2023). Gametophores from 

Physcomitrium patens and spruce (Picea abies L. Karst) plants were cultivated as described in Brunoni 

et al., (2023a). All the plants were harvested (≈ 10 mg/FW) at growth stage 1.0 according to the 

Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie (BBCH) scale (Tottman, 1987; 

Lancashire et al., 1991; Boyes et al., 2001) (except Physcomitrium, which was harvested three weeks 

after the last gametophores transfer to fresh medium).  

Feeding experiments 

For PAA treatments, seven days after germination (DAG) Arabidopsis seedlings (Col-0 and gh3sex) 

grown under the same conditions as described above, were harvested, washed in ultrapure water and 

transferred to liquid medium (½ MS medium, 1% sucrose, pH 5.7) supplemented with 20 µM PAA. 

Plants were then shaken gently in the dark at 22°C and harvested after 0.5, 1 and 3 h. For kakeimide 

(KKI) treatments, seven DAG Arabidopsis seedlings, 14 DAG spruce plants and Physcomitrium 
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gametophores were transferred to sterile liquid ½ MS medium for 1, 6 and 24 h, depending on the 

species, according to Fukui et al., (2022) and Brunoni et al., (2023a) and then supplemented with 5 μM 

PAA, 50 μM KKI or a combination of 5 μM PAA with 50 μM KKI. Mock-treated Arabidopsis, moss 

and spruce plants were used as controls. Plants were then harvested in five biological replicates per time 

point (≈ 10 mg/FW), immediately snap frozen in liquid nitrogen and stored at -80°C. 

Cloning, protein production, and bacterial enzyme assay 

Escherichia coli BL21 (DE3) strains expressing recombinant AtGH3s, AtUGTs, and AtILR1/ILLs used 

in this work were previously generated (Brunoni et al., 2019; 2023b). Recombinant protein production 

and enzymatic assay of AtGH3s, AtUGTs, and AtILR1/ILLs were performed as described previously 

by Brunoni et al., (2019; 2023a; 2023b). For the amino acid conjugation assay, 500 µL of clarified cell 

lysate from AtGH3.6- or AtGH3.17-producing bacterial cultures was incubated with GH3 cofactors and 

with or without 0.1 mM PAA. For the glucose conjugation assay, 500 µL of clarified cell lysate from 

AtUGT84B1- or AtUGT74D1-producing bacterial cultures was incubated with UGT cofactors and with 

or without 0.1 mM PAA/IAA. For the hydrolysis assay, 500 µL of clarified cell lysate from AtILL2-, 

AtILL6-, AtILR1-, or AtIAR3-producing bacterial cultures was incubated with 1 mM MgCl 2 and 0.1 

mM PAA-Leu, PAA-Trp, PAA-Val or PAA-Glu. GFP-producing bacterial cultures were used as 

negative controls. The enzymatic activity of the recombinant proteins was tested for 5 hours at 30°C 

with constant shaking at 50 rpm in darkness and repeated in three biological replicates. 

PAA conjugate profiling 

Extraction and purification of PAA conjugates followed the methodology described by Hladík et al., 

(2023) with modifications. Samples containing ≈ 10 mg of fresh weight tissue were extracted in 1 mL 

of an ice-cold sodium phosphate buffer supplemented with 0.1% diethyldithiocarbamic acid sodium salt. 

A mixture of isotopically labelled internal standards (IS) was added to the samples, including [13C6]PAA 

(10 pmol), [13C6]PAA-Asp (5 pmol), [13C6]PAA-Glu (5 pmol). The samples were homogenised using a 

MM400 bead mill (Retsch GmbH, Haan, DE) with three zirconium oxide beads. The samples were then 

incubated on a rotary shaker (15 min, 27 rpm, 4°C) and then centrifuged (10 min, 206 642 g, 4°C). From 

the supernatant, 200 µL were acidified with 1M HCl to pH 2.7 and subjected to purification by in-tip 

micro solid-phase extraction (in-tip μSPE) utilizing a combination of HLB AttractSPE™ (Affinisep, Le 

Houlme, France) and SDB-XC Empore™ (3M, MN, USA) sorbents. The multi-StageTip microcolumns 

were activated sequentially with 50 μL of acetone (centrifugation 10 min, 3 846 g, 8°C), 50 μL of 

methanol (10 min, 3 846 g, 8°C), and 50 μL of water (15 min, 4 654 g, 8°C). The acidified samples were 

then applied to the activated microcolumns (30 min, 16 961 g, 8°C), washed with 50 μL of 0.1% acetic 

acid (20 min, 9 846 g, 8°C), and eluted with 50 μL of 80% methanol (20 min, 8 653 g, 8°C). After 

elution, samples were evaporated to dryness under vacuum and stored at -20°C until HPLC-MS/MS 

analysis. 
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Evaporated samples were reconstituted in 30 μL of 10% methanol prior to analysis on an HPLC-MS/MS 

system consisting of a 1260 Infinity LC II system (Agilent Technologies, Santa Clara, CA, USA) 

equipped with a reversed-phase chromatographic column (Kinetex C18 100 Å, 50 x 2.1 mm, 1.7 μm; 

Phenomenex, CA, USA) and coupled to a 6495B Triple Quadrupole LC/MS system (Agilent 

Technologies, CA, USA). Mobile phase consisted of deionised water (A) and methanol (B) 

supplemented with 0.1% acetic acid. The chromatographic analysis was carried out for 18 min at a flow 

rate of 0.3 ml/min and the elution of auxin metabolites was achieved using a gradient elution 

programme: 0 min - 10% B, 11.5 min - 60% B, 11.75 min - 99% B, 14.75 min - 99% B, 15 min - 10% 

B. During analysis, samples were stored in an autosampler at 4°C, with the column maintained at 40°C, 

and 10 μL of each sample was injected. 

Individual analytes were detected using the MS instrument operating in negative electrospray ionisation 

(ESI-) modes with optimised parameters: nebuliser pressure at 25 psi, drying gas flow rate and 

temperature set at 14 L/min and 130°C respectively, sheath gas flow rate and temperature set at 12 L/min 

and 400°C respectively, capillary voltage set at 2.8 kV in positive mode and 3.0 kV in negative mode, 

and nozzle voltage maintained at 0 V. The measured analytes were detected and quantified by diagnostic 

multiple reaction monitoring (MRM) transitions of precursor and appropriate product ions using optimal 

collision energies and a dwell time of 50 ms, as described in Tab. S1. Raw data analysis was performed 

using Mass Hunter software (Agilent Technologies, CA, USA). 

The method was validated as described in Hladík et al., (2023). Arabidopsis and pea plants were 

harvested at the growth stage 1.0 and spiked by 0, 1, and 10 pmol of authentic PAA standards (0, 10, 

and 50 pmol for PAA-glc), and 5 pmol of IS ([13C6]PAA, [13C6]PAA-Asp, [13C6]PAA-Glu). All samples 

were then extracted and purified as described above and measured by HPLC-MS/MS. After the 

measurement, analytes accuracy (percentage bias) and precision (relative standard deviation in %) was 

calculated (Tab. S2; Tab. S3). 

Statistical analysis 

All analyses were performed using R statistical software (version 4.3.2; R Core Team, 2021) within the 

RStudio environment (version 2023.12.0.369; Posit team, 2023). The following packages were used for 

statistical analysis and graph generation: dplyr (Wickham et al., 2023a), ggplot2 (Wickham, 2016), 

ggbreak (Xu et al., 2021), multcomp (Hothorn at el., 2008), multcompview (Graves et al., 2019) and 

readxl (Wickham & Bryan, 2023b).  

One-way ANOVA was used to assess differences between control and experimental variants. Significant 

differences detected at the 95% confidence level were subjected to Tukey's post-hoc test. Values under 

limit of detection (LOD) were replaced with 0.66-fold of respective LOD value. For data visualisation, 

box-and-whisker plots were generated showing the median (centre line), upper and lower quartiles (box 

limits) and maximum and minimum values, with individual dots representing each biological replicate.  
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Results  

LC-MS determination of PAA conjugates  

To determine PAA conjugates, we adopted and modified a method previously developed and applied 

for profiling IAA metabolites (Hladík et al., 2023). The method combined microscale sample extraction 

and purification with detection by LC-MS/MS with optimised conditions for each compound as detailed 

in Tab. S1. For method validation, we constructed 15-point calibration curves ranging from 9 amol to 

90 pmol and calculated the limit of detection (LOD) (S/N ratio > 3) as well as the dynamic linear range 

(Tab. S1). Subsequently, a spiking experiment was conducted using authentic standards of PAA 

conjugates. The average method accuracy, determined from extracts prepared from Arabidopsis and pea 

seedlings spiked with 1 or 10 pmol of unlabeled standards, exhibited a bias of 13% (Tab. S2; Tab. S3). 

Similarly, the average method precision (RSD) was less than 11% for both matrices, indicating sufficient 

precision and accuracy of quantitative determination of PAA metabolites in both tested matrices. 

PAA-glc is an endogenous PAA metabolite synthesized by UGT84B1 and UGT74D1 

glucosyltransferases 

Having a dependable analytical method, we systematically screened for PAA conjugates across various 

species of land plants. Remarkably, we uncovered the presence of endogenous PAA-glc, a compound 

previously undetected in plants, within three species: Arabidopsis, pea and spruce. To ensure the identity 

of endogenous PAA-glc, we compared its chromatographic retention times from Arabidopsis and spruce 

extracts with that of synthetic PAA-glc standard (Fig. 2A). Subsequently, to further confirm the 

formation of PAA-glc in planta, we treated Arabidopsis seedlings with 20 µM PAA and PAA-glc levels 

were subsequently determined after 30-, 60-, and 180-minutes intervals (Fig. 2B). Notably, the 

concentration of PAA-glc progressively increased from ≈180 pmol*g-1  to 40 nmol*g-1 FW after 180 

min of treatment, demonstrating the de novo synthesis of PAA-glc in response to exogenous application 

of PAA. 

The quantitative tissue-specific analysis revealed highest levels of PAA-glc in spruce shoots (almost 

760 pmol*g-1 FW). The levels around 270 pmol*g-1 FW were determined in spruce and Arabidopsis 

roots. Pea and Arabidopsis shoots contained 95 and 80 pmol*g-1 FW, respectively.   In other tissues and 

species (maize, wheat, and Physcomitrium patens) PAA-glc was not detected (Fig. 2C, Tab. 1).  

The glucosyltransferase UGT84B1 has been identified as responsible for the formation of IAA-glc and 

PAA-glc in vitro (Aoi et al., 2020b). Similarly, UGT74D1 has been linked to the formation of oxIAA-

glc (Mateo-Bonmatí et al., 2021), although its involvement in PAA metabolism hasn't been explored. 

To investigate whether these enzymes are involved in PAA-glc formation in plants, we explored PAA-

glc content in Arabidopsis knockout lines ugt84b1 and ugt74d1. Remarkably, we observed significantly 

lower levels of PAA-glc in both mutants compared to Col-0 (Figure 2D). Additionally, we tested the  
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Figure 2: Presence and formation of PAA-glc in plants. Representative MRM chromatograms of Arabidopsis 

and spruce extracts compared with the chromatogram of 1 pmol of synthetic PAA-glc standard (A). The 

concentration (pmol*g-1 FW) of PAA-glc after treatment of Arabidopsis with 20 µM PAA for 30, 60 and 180 

minutes (B). Each orange cross represents an individual biological replicate (n=5). The endogenous levels of 

PAA-glc (pmol*g-1 FW) in roots and shoots of Arabidopsis, pea and spruce (C). The levels of PAA-glc (pmol*g-1 

FW) in Col-0, ugt74d1 and ugt84b1 knockout Arabidopsis lines (D). The analysis of IAA-glc and PAA-glc 

synthesized by a recombinant AtUGT84B1 and AtUGT47D1 produced by a bacterial assay (E). The cell lysate 

was incubated with 0.1 mM IAA or PAA and UGT cofactors for 5 h at 30°C. Cell lysate without treatment was 

used as a mock sample. The box plots show the upper and lower quartiles, with horizontal lines indicating medians, 

and each dot representing a single biological replicate. Statistically significant differences are indicated by 

asterisks, as determined by Student's t-test (P ≤ 0.05). All plant profiling was performed in five biological 

replicates (n=5) and bacterial enzyme assays in three biological replicates (n=3). N.D., not detected. 
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conjugation activity of these enzymes by producing them in E. coli and using a bacterial assay designed 

to study various IAA catabolic enzymes (Brunoni et al., 2019; Brunoni et al., 2023a). Both UGT84B1 

and UGT74D1 showed the capability to produce IAA-glc and PAA-glc after exposure to 0.1 µM IAA 

and PAA, respectively (Fig. 2E). Although the activity of both glucosyltransferases towards PAA was 

only about 5% compared to IAA, the experiment together with mutant analysis clearly demonstrated 

involvement of UGT84B1 and UGT74D1 in PAA glucosylation.  

Exploring novel PAA amide conjugates, their enzymatic synthesis and break down  

Conjugates of IAA with various amino acids have been previously determined in plants. However, PAA 

linked with Asp, Glu and Trp are the only known amide conjugates present in plants (Sugawara et al., 

2015; Staswick et al., 2017). In this study, in addition to identifying PAA-glc, we uncovered three 

previously unreported amide conjugates (PAA-Leu, PAA-Phe, and PAA-Val) in pea and wheat. The 

verification of newly identified endogenous conjugates relied on comparing their chromatographic 

retention times to those of synthetic standards, as shown for PAA-Phe in Fig. 3A. While endogenous 

steady state levels of PAA-Leu, PAA-Phe and PAA-Val in Arabidopsis were below the detection limits, 

feeding plants with 20 µM PAA promoted their de novo synthesis, resulting in detectable endogenous 

concentrations ranging from 0.5 to 1 pmol*g-1 FW after just 30 minutes (Fig. 3B).  

PAA-Leu, PAA-Phe, PAA-Val and PAA-Trp were then quantified in different tissues of various plant 

species, with detectable concentrations observed only in pea and wheat (Fig. 3C). The conjugates were 

present predominantly in cotyledons, suggesting a storage function. Pea cotyledon contained all four 

conjugates in concentrations ranging from 0.5 to 8 pmol*g-1 FW. PAA-Phe, PAA-Val and PAA-Leu 

were detected in roots, and PAA-Phe, PAA-Val were also found in shoots, all in concentrations below 

2 pmol*g-1 FW. All of them were identified in wheat cotyledon at concentrations not exceeding 

2 pmol*g-1 FW.  

It was anticipated that GH3 enzymes would be responsible for their formation. Bacterial enzymatic 

assays were performed with recombinant AtGH3.6 and AtGH3.17 enzymes cloned in E. coli (Fig. 3D). 

In presence of 0.1 µM PAA, both enzymes formed all tested PAA amino acids. Enzyme AtGH3.6 

predominantly conjugates PAA to PAA-Asp. Similarly, enzyme AtGH3.17 prefers Glu as a substrate 

for conjugation with PAA. Both enzymes formed all conjugates, however, their activity towards other 

amino acids was much lower and not preferential.  

In a light of recent findings demonstrating the hydrolysis of IAA-amino acids to free IAA (Hayashi et 

al., 2021; Brunoni et al., 2023a), we investigated whether this phenomenon extends to PAA-AAs. To 

assess this, we conducted experiments using bacterial assays with AtILL2, AtILL6, AtILR1, or AtIAR3 

enzymes, incubating them with 0.1 mM PAA-Leu, PAA-Val, PAA-Trp, or PAA-Glu and quantifying 

the formation of PAA (Fig. 3E). The control group consisted of GFP-producing bacteria. The results 

suggest that AtIAR3 favours PAA-Glu/-Leu/-Val as substrates, while AtILL6 does not exhibit any clear  
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Figure 3: PAA amide conjugates abundance, formation and hydrolysis. The chromatograms of pea and wheat 

cotyledon extracts compared with the chromatogram of PAA-Phe standard (A). The concentration levels (pmol*g-

1 FW) of PAA-Leu, PAA-Phe, PAA-Trp and PAA-Val were measured in Arabidopsis seedlings after treatment with 

20 µM PAA for 30, 60 and 180 minutes (B). Each sign in a specific colour represents an individual biological 

replicate (n=5). The quantification of PAA-Leu, PAA-Phe, PAA-Trp and PAA-Val (pmol*g-1 FW) was carried out 

in pea cotyledons, roots, and shoots, as well as in wheat cotyledons (C). The analysis of PAA-AAs synthesized by 

recombinant AtGH3.6 and AtGH3.17 in the bacterial assay. The cell lysate was incubated with 0.1 mM PAA and 

GH3 cofactors for 5 h at 30°C, and the formation of PAA-AAs was determined. As a control, cell lysate without 

PAA treatment was used (D). The hydrolysis of PAA-AAs to PAA was examined using a bacterial assay with 

recombinant AtIAR3, AtILL2, AtILL6 and AtILR2 (E). The lysate was incubated with 0.1 mM PAA-Leu, PAA-Trp, 

PAA-Val and PAA-Glu for 5 hours at 30°C, and the levels of PAA were measured. A negative control was 

performed using GFP-producing bacteria, and a mock was performed using cell lysate without treatment. The box 

plots display medians as horizontal lines, upper and lower quartiles as boxes, and each dot represents a single 

biological replicate. All plant profiling was performed in five biological replicates (n=5) and bacterial enzyme 

assays in three biological replicates (n=3). N.D., not detected. 
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substrate preference. However, the concentration of PAA formed by these enzymes is comparable to the 

GFP control, indicating that they may not significantly contribute to hydrolysis of PAA conjugates. 

AtILL2 shows a pronounced preference for PAA-Leu/-Trp/-Val, while AtILR1prefererably hydrolysed 

PAA-Glu and PAA-Leu. Overall, our findings demonstrate the capability of ILR/ILL proteins to 

hydrolyse PAA conjugates in vitro. 

Profiling PAA conjugates in land plants 

While previous studies have extensively examined PAA levels across various plant species and tissues 

(reviewed in Perez et al., 2023), information regarding its conjugate levels are limited predominantly to 

Arabidopsis (Sugawara et al., 2015, Aoi et al., 2020a). Therefore, we conducted a thorough tissue-

specific profiling encompassing high-abundance PAA conjugates, namely PAA-Asp, PAA-Glu and 

PAA-glc across diverse plant species of land plants (Table 1). Intriguingly, we observed significant 

variations in the PAA conjugate profile among species and even within tissues.  

 

Table 1: PAA conjugate levels in various plant species. PAA conjugates were quantified (pmol*g-1 FW ± SD; 

n=5) in roots, shoots and cotyledons of pea, wheat and maize, roots and shoots of Arabidopsis and spruce, and 

gametophores of Physcomitrium patens. <LOD, under the limit of detection. 

Species Tissue PAA PAA-Asp PAA-Glu PAA-glc 

    Mean ± SD (pmol*g-1FW) 

Arabidopsis 

thaliana 

shoot 310.18 ± 23.25 581.03 ± 156.00 507.41 ± 130.00 80.21 ± 54.10 

root 590.80 ± 273.62 1,896.87 ± 906.75 1,928.48 ± 868.86 277.82 ± 273.96 

                            

Maize (Zea 

mays) 

shoot <LOD 9.11 ± 2.56 10.18 ± 2.45 <LOD 

cotyledon 422.34 ± 59.50 25.41 ± 21.87 <LOD <LOD 

root 185.05 ± 21.43 50.83 ± 7.29 99.54 ± 27.47 <LOD 

                            

Wheat 

(Triticum 

aestivum) 

shoot 492.95 ± 98.83 16.91 ± 2.18 <LOD <LOD 

cotyledon 695.43 ± 504.86 432.38 ± 277.06 16.71 ± 11.46 <LOD 

root 340.98 ± 112.34 523.48 ± 345.26 <LOD <LOD 

                            

Pea (Pisum 

sativum) 

shoot 1,113.51 ± 304.78 1,444.72 ± 466.83 54.06 ± 7.77 95.20 ± 34.25 

cotyledon 310.19 ± 62.28 37,077.09 ± 12,823.16 1719.90 ± 413.77 <LOD 

root 1,344.98 ± 169.59 1,095.36 ± 990.75 272.08 ± 53.63 <LOD 

                            

Spruce (Picea 

abies) 

shoot 36.64 ± 13.17 1.62 ± 0.67 5.83 ± 0.34 755.73 ± 311.91 

root 76.47 ± 18.58 1.94 ± 0.36 2.12 ± 0.24 267.79 ± 124.22 

                            

Physcomitrium 

patens 
- 82.56 ± 36.08 1.82 ± 0.32 27.33 ± 3.46 <LOD 

 

Remarkably, spruce and Physcomitrium exhibited lower levels of free PAA and PAA-Asp 

compared to all angiosperm representatives. Additionally, spruce represented the only species where the 

predominant conjugate was PAA-glc, accounting for around 95% of the entire PAA pool in shoots. 
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Among other species, amide conjugates were more abundant. In Physcomitrium, the concentrations of 

PAA-Glu were more than 10 times higher than PAA-Asp, unlike in all other species. In both 

monocotyledonous species, maize and wheat, the majority of free PAA was contained in the cotyledons. 

PAA-glc was not detected in these species. In Arabidopsis, the majority of the PAA conjugates was 

present in roots, primarily in the form of PAA-AAs, although notable levels of free PAA and PAA-glc 

were also detected. In pea, PAA-Asp was the predominant storage form in, with concentrations reaching 

approximately 40 nmol/g in cotyledons. Overall, it appears that pea stores a considerable amount of 

PAA in amide forms.  

Metabolic pathways of PAA display only partial functional redundancy 

Understanding the redundancy within metabolic pathways is crucial for understanding how plants 

control hormone homeostasis. Previous studies have demonstrated the presence of functional 

redundancy within pathways of IAA metabolism (Porco et al., 2016, Mellor et al., 2016). Here, we 

aimed to investigate the dynamic changes in PAA and its conjugates in response to perturbations in 

specific metabolic pathways, shedding light on the mechanisms governing PAA homeostasis.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: PAA metabolism in Arabidopsis gh3.1-6 knockout mutant. Arabidopsis line gh3.1,2,3,4,5,6 (gh3sex 

and Columbia (Col-0) were treated with 20 µM PAA for 30, 60, and 180 minutes. The concentrations levels 

(pmol*g-1 FW) of PAA (A), PAA-Asp (B), PAA-Glu (C) and PAA-glc (D) were measured in those four time points. 

Each sign in a specific colour represents an individual biological replicate (n=5). Asterisks indicate statistically 

significant differences between the Col-0 and mutant line in one time point, as determined by Student's t-test (*, 

P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001). The colour of the asterisk corresponds to the mutant line that is 

significantly different from Col-0.  
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Arabidopsis mutant gh3sex, deficient in GH3-dependent PAA-AAs synthesis, weas treated with 

20 µM PAA for 30, 60 and 180 min, and the levels of PAA conjugates were compared with concentration 

in wild type (Col-0). The PAA levels immediately increased after treatment, suggesting rapid uptake of 

exogenously applied PAA by the plant (Fig. 4A). Subsequent analysis at 60 minutes post-treatment 

revealed significant differences in PAA concentrations between the mutant lines and Col-0, indicating 

disruptions in PAA metabolism. Notably, the levels of PAA-Asp were significantly reduced in the 

mutant throughout the duration of the experiment (Fig. 4B), highlighting the dominant role of AtGH3.1-

6 enzymes in conjugation of PAA with Asp. The PAA-Glu levels were elevated in gh3sex mutant at 60- 

and 180-min post-treatment (Fig. 4C). The increase in PAA-Glu levels in mutant could be attributed to 

compensatory mechanisms and functional redundancy of GH3 proteins. Measurement of PAA-glc levels 

did not reveal any significant differences between wild-type and mutant (Fig. 4D).  

 

 

 

 

 

 

 

Figure 5: PAA metabolism after PAA and kakeimide (KKI) co-treatment in various plant species. Arabidopsis 

thaliana (A), spruce (B) and Physcomitrium p. (C) were treated with 50 µM KKI, 5 µM PAA or their combination 

for 1, 6 or 24 hours respectively, with time depending on the species. The concertation (pmol*g-1 FW) of PAA, 

PAA-Asp, PAA-Glu and PAA-glc was measured after the treatment. As a control, mock treated samples were used. 

The box plots display medians as horizontal lines, upper and lower quartiles as boxes, and each dot represents a 

single biological replicate (n=5). One-way ANOVA and Tukey's post hoc test were applied to assess the differences 

between treatment groups. Different letters (a-c) indicate significant differences at the 5% level of significance 

(P ≤ 0.05). The colour of the letters corresponds with the colour of the boxplot. N.D., not detected. 
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To compare PAA metabolism across phylogenetically diverse plant species, we employed the 

synthetic GH3 inhibitor KKI, known for inhibiting the formation of IAA-AAs (Fukui et al., 2022). 

Anticipating a similar function in PAA metabolism, we investigated its effects in Arabidopsis, spruce 

and Physcomitrium, by treating them with 50 µM KKI, 5 µM PAA, or a combination of both.   

In Arabidopsis, co-treatment with PAA and KKI resulted in reduced levels of PAA-Asp and 

PAA-Glu compared to PAA treatment alone, confirming the activity of KKI in inhibiting PAA-AAs 

formation. Interestingly, levels of free PAA remained unchanged between the two treatments (Fig. 5A). 

In spruce, the treatment with PAA confirmed predominant role of glukosylation in PAA metabolism. In 

agreement to Arabidopsis, KKI inhibited the GH3-mediated formation of both amide conjugates (Fig. 

5B). Interestingly, in Physcomitrium, only formation of PAA-Glu was blocked by KKI in co-treatment 

with PAA, while PAA-Asp level was elevated (Fig. 5C). Notably, the formation of PAA-glc was not 

observed even after PAA treatment, suggesting that glucosylation does not occur in PAA metabolism in 

Physcomitrium. 

Discussion 

Metabolism plays a pivotal role in maintaining auxin homeostasis, by ensuring optimal levels of 

biologically active hormone within the plant. While extensive research governing IAA metabolism has 

been done in previous years (Brunoni et al., 2020; Hayashi et al., 2021; Mateo-Bonmatí et al., 2021; 

Müller et al., 2021; Brunoni et al., 2023a; Hladík et al., 2023), the inactivation pathways of PAA remain 

largely uncharacterised. Thus far only PAA-Asp, PAA-Glu and PAA-Trp were identified in Arabidopsis 

(Sugawara et al., 2015; Staswick et al., 2017). However, there is no evidence about other conjugates or 

metabolic pathways, as oxidation of the phenyl ring is unlikely and the formation of glucosyl ester 

(PAA-glc) have only been demonstrated in vitro (Aoi et al., 2020b). 

In our study we aim to broaden the understanding of PAA metabolism by investigating novel 

conjugates and metabolic pathways (Fig. 1). To achieve this, we employed HPLC-MS/MS, optimized 

and validated for quantitative analysis of wide range of PAA conjugates (Tab. S1; Tab. S2; Tab. S3). 

Relatively lower method accuracy (more than 20% BIAS) was obtained for PAA-Val and PAA-glc 

when quantified in pea, probably due to the absence of corresponding isotopically labelled internal 

standard. [13C6]PAA-Glu, used as reference standard for these conjugates, did not completely 

compensated for losses during purification and ionization of the molecules. 

 As a result of comprehensive multi-species screen, we confirmed occurrence of four novel PAA 

conjugates (PAA-glc, PAA-Leu, PAA-Phe and PAA-Val) in different plant species. The identity of 

endogenous conjugates was confirmed by comparison of their retention times with that of synthetic 

standards under the same chromatographic conditions (Fig. 2A, Fig. 3A). PAA-glc was found in 

Arabidopsis, pea and spruce, in concentrations ranging from 50 to 1000 pmol*g-1 FW, with the highest 

levels observed in spruce shoots (Fig. 2C). However, even these high levels were close to the limit of 

detection of our method, likely due to poor ionisation of the molecule. It is plausible that PAA-glc may 
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also be present in other studied species, however below the limit of detection. Presence of newly 

identified amide conjugates, PAA-Leu, PAA-Phe and PAA-Val was observed only in pea and wheat in 

low concentrations ranging from 0.5 to 8 pmol*g-1 FW (Fig. 3C). These findings align with the low 

levels of IAA and oxIAA conjugates with amino acids other than Asp and Glu quantified previously in 

various plants (Kowalczyk & Sandberg, 2001; Pěnčík et al., 2009; Hladík et al., 2023). While Staswick 

et al., (2017) observed high levels of PAA-Trp (approximately 30 pmol*g-1 FW) in Arabidopsis tissue, 

under our experimental conditions PAA-Trp was not detected in Arabidopsis, being only determined in 

pea and wheat cotyledons. Although PAA conjugates with Leu, Phe, Trp and Val were not found in 

Arabidopsis, the capability of Arabidopsis GH3 proteins to catalyse their synthesis in vitro was proved 

by bacterial enzymatic assay (Fig. 3D). To further validate the formation of newly identified metabolites 

in planta, we conducted feeding experiments by administering exogenous PAA to Arabidopsis 

seedlings. This led to rapid synthesis of PAA-glc (Fig. 2B) as well as all three novel amide conjugates 

(Fig. 3B), underscoring the role of these conjugates in maintaining PAA homeostasis.  

Formation of PAA-glc by enzyme UGT84B1 was already showed in vitro (Aoi at el., 2020a). 

However, other glucosyltransferases can also be involved in formation of IAA/oxIAA-glucosyl esters, 

such as UGT74D1 (Jackson et al., 2001; Mateo-Bonmatí et al., 2021). Thus, we tested the conjugation 

activity of this protein in bacterial assay designed to study IAA enzymatic inactivation (Brunoni et al., 

2019; Brunoni et al., 2023a) and proved the capability of AtUGT74D1 to produce PAA-glc (Fig. 2E). 

Additionally, we quantified PAA-glc in ugt84b1 and ugt74d1 knockouts and demonstrated involvement 

of both proteins in formation of PAA-glc in planta (Fig. 2D).  

The GH3-mediated formation of IAA amide conjugates is well described mechanism (Staswick 

et al., 2005; Zhang et al., 2018). The role of GH3s in PAA metabolism was also indicated for PAA-Asp 

and PAA-Glu formation (Sugawara et al., 2015; Westfall et al., 2017; Aoi et al., 2020a). To investigate 

the role of GH3s in formation of other PAA-AAs, we performed bacterial enzyme assays with AtGH3.6 

and AtGH3.17 (Fig. 3D). Results indicated that both GH3 proteins are capable of synthesizing all tested 

PAA conjugates, with AtGH3.6 displaying a preference for Asp and AtGH3.17 for Glu as substrates, 

aligning with previous assays with IAA conjugation (Brunoni et al., 2019).  Furthermore, we 

investigated the putative hydrolysis of PAA-AAs by ILR/ILL amidohydrolases (Fig. 3E), as previously 

described for IAA conjugates (Bartel & Fink, 1995; Davies et al., 1999; LeClere et al., 2002; Hayashi 

et al., 2021). Bacterial enzyme assays with AtILL2, AtILL6, AtILR1, and AtIAR3 revealed that PAA-

AAs can be hydrolysed into free PAA, indicating storage function of PAA amino acid conjugates.  

 To elucidate evolutionary aspects of PAA metabolism, we conducted profiling of PAA and its 

major conjugates, PAA-Asp, PAA-Glu and PAA-glc across a spectrum of phylogenetically diverse land 

plants. Our study encompassed representatives such as the moss Physcomitrium, spruce as a 

representative of gymnosperm trees, dicots represented by Arabidopsis and pea, and two monocots, 

maize and wheat (Tab. 1).  
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According to our findings, PAA levels largely align with previous studies, revealing consistent 

PAA levels in Arabidopsis and pea tissues (Wightman & Lighty, 1982; Sugawara et al., 2015). Notably, 

comparison with our previous IAA quantifications (Hladík et al., 2023) as well as with earlier reports 

indicates significantly higher PAA levels in most plant species and tissues. PAA conjugate profiling 

revealed PAA-AAs as major metabolites across all studied plants except spruce, where PAA-glc 

concentrations were notably higher compared to PAA amides. This finding, together with results 

obtained from PAA feeding experiment (Fig. 5B), suggests that glucosylation serves as the preferred 

pathway for PAA inactivation in spruce.  Remarkably, the exceptionally high PAA-AAs concentrations 

in pea mirror elevated levels of IAA-AAs and oxIAA-AAs in pea tissues (Hladík et al., 2023), 

suggesting analogous metabolic regulation of both auxins. Similarly, the abundance of PAA-glc 

corresponds to elevated levels of IAA-glucosyl ester in spruce (Brunoni et al., 2020). Although PAA 

conjugation pathways share similarities with those of IAA, the oxidation to oxIAA that serves as an 

degradation mechanism of IAA and IAA-AAs (Hayashi et al., 2021), represents notable difference 

between IAA and PAA metabolism. OxIAA and its glucose ester are considerably more abundant among 

IAA metabolites (Kai et al., 2007a; Pěnčík et al., 2018; Hladík et al., 2023). In contrast, PAA-Asp and 

PAA-Glu exhibit substantially higher accumulation compared to IAA amide conjugates and represent 

predominant PAA metabolites in Arabidopsis (Tab. 1). 

To investigate putative functional redundancy in PAA inactivation between GH3s and UGTs, 

we explored PAA metabolism using GH3-deficient Arabidopsis mutant and synthetic GH3 inhibitor 

KKI (Fukui et al., 2022). Following the application of PAA, the synthesis of PAA-Asp was dramatically 

reduced in gh3.1-6 (Fig. 4). This reduction was partially compensated by an increased conjugation of 

PAA to Glu. Notably, the deficiency in GH3-mediated conjugation was not compensated by 

glucosylation, mirroring observations seen with IAA (Porco et al., 2016). This observation was further 

confirmed by the co-treatment of Arabidopsis, spruce and Physcomitrium with PAA and KKI, where no 

metabolic compensation between GH3s and UGTs was observed (Fig. 5).   

 In conclusion, our investigation of PAA metabolism has provided valuable insights into the 

metabolic pathways governing PAA homeostasis in land plants. It appears that there may be other 

metabolic pathways of PAA that have yet to be discovered, as many have been found in bacteria 

(Schneider et al., 1997; Navarro-Llorens et al., 2005; Teufel et al., 2010). However, through the 

identification of novel PAA conjugates and the elucidation of metabolic pathways, we have expanded 

our understanding of the mechanisms maintaining PAA homeostasis and demonstrated the complexity 

and species-specific nature of PAA metabolism. 
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Supplementary Material 

 

Supplementary table 1: Conditions and parameters of HPLC-MS/MS method. For each PAA metabolite and its 

corresponding internal standard (IS) diagnostic MRM transition and collision energies (CE) were optimized. 

Additionally, retention time (RT), limit of detection (LOD), linear range and coefficient of determination (R2) were 

measured and calculated. Analytes were detected by the MS instrument with optimised conditions as described: 

nebulizer pressure, 25 psi; drying gas flow and temperature, 14 l/min and 130 °C; sheath gas flow and 

temperature, 12 l/min and 400 °C; capillary voltage, 3.0 kv; nozzle voltage, 0 V. 

 

 

 

Supplementary table 2: Method validation in Arabidopsis extract. Validation was performed as described in 

Hladík et al., 2023. Method precision (% BIAS) and method accuracy (% RSD) were determined by spiking 

experiment. Briefly, samples were extracted in 1 mL of Na-phosphate buffer with 10 mg of pea or wheat 

homogenized plants, diluted to 5 mL with Na-phosphate buffer and each sample aliquoted into 200 µL doses (total 

15 samples per plant). To each sample, 5 pmol of stable isotope-labelled standards were added. Subsequently, the 

samples were supplemented with unlabelled standards (1 or 10 pmol). The samples were then purified by in-tip 

µSPE method, and the concentrations of each analyte were determined by HPLC-MS/MS using isotope dilution 

method. A set of plant extracts were also processed without the addition of unlabelled standards, and endogenous 

levels of auxin metabolites were subtracted before calculating the validation parameters. All samples were 

analysed in five replicates. 

Analyte 1 pmol 10 pmol 

  pmol BIAS (%) RSD (%) pmol BIAS (%) RSD (%) 

PAA 1.2 ± 0.42 -15 37 10.1 ± 0.68 -1 7 

PAA-Asp 1.1 ± 0.11 -7 10 10.2 ± 0.30 -2 3 

PAA-Glu 1.0 ± 0.15 5 16 9.6 ± 0.14 4 1 

PAA-Val 0.9 ± 0.03 8 3 10.6 ± 0.34 -6 3 

PAA-Leu 1.0 ± 0.05 1 5 11.3 ± 0.29 -13 3 

PAA-Phe 1.0 ± 0.05 3 5 10.9 ± 0.33 -9 3 

 PAA-Trp 0.9 ± 0.03 7 3 11.1 ± 0.47 -11 4 

PAA-glc* 8.5 ± 2.06 15 24 48.3 ± 1.54 3 5 

* PAA-glc was spiked with 10 and 50 pmol 

 

 

 

Compound 

MRM 

transition IS 

MRM 

transition 

CE 

(V) 

retention 

time 

(min) 

LOD 

(pmol) 

linear range 

(pmol) 

 

R2 

PAA 135.1 > 91.0 [13C6]PAA 141.1 > 97 2 5 4.5*10-2 4.5*10-2 - 90  0.9965 

PAA-Asp 250.1 > 132.0 [13C6]PAA-Asp 256.2 > 132 10 2.9 4.5*10-3 4.5*10-3 - 90  0.9973 

PAA-glc 297.3 > 91.0 [13C6]PAA-Glu 270.2 > 146 19 3.4 4.5*10-2 9.0*10-2 - 90  0.9904 

PAA-Glu 264.1> 146.0 [13C6]PAA-Glu 270.2 > 146 12 3.7 9.0*10-2 9.0*10-2 - 90  0.996 

PAA-Leu 248.2 > 130.1 [13C6]PAA-Glu 270.2 > 146 12 10.1 9.0*10-5 9.0*10-5 - 9  0.9985 

PAA-Phe 282.2 > 164.1 [13C6]PAA-Glu 270.2 > 146 14 10.5 4.5*10-4 4.5*10-4 - 9  0.998 

PAA-Trp 321.2 > 203.1 [13C6]PAA-Glu 270.2 > 146 14 10.1 4.5*10-3 4.5*10-3 - 9  0.9974 

PAA-Val 234.1 > 116.1 [13C6]PAA-Glu 270.2 > 146 12 8.2 4.5*10-4 4.5*10-4 - 9  0.9983 
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Supplementary table 3: Method validation in pea extract. Validation was performed as described in Hladík et 

al., 2023. Method precision (% BIAS) and method accuracy (% RSD) were determined by spiking experiment. 

Briefly, samples were extracted in 1 mL of Na-phosphate buffer with 10 mg of pea or wheat homogenized plants, 

diluted to 5 mL with Na-phosphate buffer and each sample aliquoted into 200 µL doses (total 15 samples per 

plant). To each sample, 5 pmol of stable isotope-labelled standards were added. Subsequently, the samples were 

supplemented with unlabelled standards (1 or 10 pmol). The samples were then purified by in-tip µSPE method, 

and the concentrations of each analyte were determined by HPLC-MS/MS using isotope dilution method. A set of 

plant extracts were also processed without the addition of unlabelled standards, and endogenous levels of auxin 

metabolites were subtracted before calculating the validation parameters. All samples were analysed in five 

replicates. 

Analyte 1 pmol 10 pmol 

  pmol BIAS (%) RSD (%) pmol BIAS (%) RSD (%) 

PAA 1.2 ± 0.17 -17 14 8.3 ± 0.16 17 2 

PAA-Asp 1.0 ± 0.12 -2 12 9.5 ± 0.39 5 4 

PAA-Glu 1.0 ± 0.07 2 7 9.4 ± 0.29 6 3 

PAA-Val 0.7 ± 0.03 29 4 7.5 ± 0.53 25 7 

PAA-Leu 1.0 ± 0.04 -5 4 10.6 ± 0.62 -6 6 

PAA-Phe 1.0 ± 0.07 0 7 10.6 ± 0.49 -6 5 

PAA-Trp 0.9 ± 0.06 12 6 10.3 ± 0.80 -3 8 

PAA-glc* 8.2 ± 0.40 18 5 36.7 ± 2.32 27 6 

* PAA-glc was spiked with 10 and 50 pmol 
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Introduction

Phytohormones regulate plant growth, development, and 
responses to both internal and external stimuli via a com-
plex network of signalling pathways (Hemelíková et al. 
2021; Friml 2022). The structures and main roles of clas-
sical phytohormones have been known for decades. Com-
bining this knowledge with synthetic chemistry has allowed 
the creation of a wide array of synthetic phytohormone ana-
logues including agonists, antagonists, or caged and labelled 
derivatives. These compounds can be used to manipulate 
plant growth or serve as powerful tools for obtaining new 
insights into the modes of action of phytohormones (Rigal 
et al. 2014; Jiang and Asami 2018; Hemelíková et al. 2021).

Auxin is a key phytohormone, which controls cell divi-
sion, elongation and differentiation, tropic responses, etc. 
(Woodward and Bartel 2005). The canonical/transcriptional 
auxin signalling pathway relies on the action of three main 
protein families: (i) Transport Inhibitor Response 1/Auxin 
Signalling F-box proteins (TIR1/AFBs) (Dharmasiri et 
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Abstract
Auxin belongs among major phytohormones and governs multiple aspects of plant growth and development. The establish-
ment of auxin concentration gradients, determines, among other processes, plant organ positioning and growth responses 
to environmental stimuli.

Herein we report the synthesis of new NBD- or DNS-labelled IAA derivatives and the elucidation of their biologi-
cal activity, fluorescence properties and subcellular accumulation patterns in planta. These novel compounds did not 
show auxin-like activity, but instead antagonized physiological auxin effects. The DNS-labelled derivatives FL5 and FL6 
showed strong anti-auxin activity in roots and hypocotyls, which also occurred at the level of gene transcription as con-
firmed by quantitative PCR analysis. The auxin antagonism of our derivatives was further demonstrated in vitro using an 
SPR-based binding assay. The NBD-labelled compound FL4 with the best fluorescence properties proved to be unsuitable 
to study auxin accumulation patterns in planta. On the other hand, the strongest anti-auxin activity possessing compounds 
FL5 and FL6 could be useful to study binding mechanisms to auxin receptors and for manipulations of auxin-regulated 
processes.

Keywords  Anti-auxin · Arabidopsis · Fluorescent label · Biological activity · Indole-3-acetic acid (IAA), Transport 
inhibitor response 1 (TIR1)
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al. 2005b; Mockaitis and Estelle 2008; Caumon and Ver-
noux 2023), (ii) the Aux/IAA transcriptional co-repressors 
(Remington et al. 2004; Overvoorde et al. 2005), and (iii) 
Auxin Response Factors (ARFs) (Okushima et al. 2005; 
Guilfoyle and Hagen 2007). Under low cellular levels of 
auxin, Aux/IAAs repress the ARF-dependent transcription 
of auxin-responsive genes. On the other hand, under higher 
concentrations, auxins enable the interaction of domain II 
of Aux/IAA transcriptional co-repressors with TIR1/AFB 
F-box proteins. This leads to Aux/IAA ubiquitination by 
the Skp1-Cullin-F-box (SCF)TIR1/AFB E3 ligase and to Aux/
IAA targeting for degradation. Degradation of Aux/IAAs 
derepresses ARF proteins, which allows them to modulate 
the transcription of auxin-responsive genes (Santner et al. 
2009). Recently, auxin perception was shown to stimulate 
the production of a second messenger known from ani-
mals, cyclic adenosine monophosphate (cAMP), and TIR1/
AFB receptors have been demonstrated to possess adenyl-
ate cyclase activity (Qi et al. 2022). Besides TIR1/AFBs, 
Auxin-binding Protein 1 (ABP1) and its plasma membrane-
localized partner, Transmembrane Kinase 1 (TMK1), have 
been reported to be required for an auxin-induced ultrafast 
global phospho-response, activation of plasma-membrane 
H+-ATPases and acceleration of cytoplasmic streaming 
(Friml et al. 2022).

Besides indole-3-acetic acid (IAA) and other naturally 
occurring auxins (Sauer et al. 2013), numerous synthetic 
compounds with auxin-like activities have been identified 
(Jiang and Asami 2018). For instance, dichlorophenoxy-
acetic acid (2,4-D), 3,6-dichloro-2-methoxybenzoic acid 
(dicamba), etc., inhibit plant growth, and induce senescence 
and tissue decay in sensitive dicots, making synthetic aux-
ins applicable as plant growth regulators and herbicides 
(Grossmann 2010; Todd et al. 2020). On the other hand, 
4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoic 
acid (auxinole), 2-(1H-indol-3-yl)-4-oxo-4-phenylbuta-
noic acid (PEO-IAA), or 4-([1,1’-biphenyl]-4-yl)-2-(1H-
indol-3-yl)-4-oxobutanoic acid (BP-IAA) and its methoxy 
derivatives possess anti-auxin activity (Hayashi et al. 2012; 
Žukauskaitė et al. 2023). These derivatives found use in 
both agriculture and basic plant science to study various 
biological phenomena (Rigal et al. 2014; Jiang and Asami 
2018). Auxinole has been demonstrated to block auxin-
induced Ca2+ signalling in root cells (Dindas et al. 2018), 
to decrease auxin-mediated increase in the density of actin 
filaments in root epidermal cells (Scheuring et al. 2016) and 
to accelerate petal abscission (Liang et al. 2020). PEO-IAA 
suppresses root gravitropism and enhances root phototro-
pism (Kimura et al. 2018), and causes chromatin loosen-
ing upon application to proliferating plant cells (Hasegawa 
et al. 2018). The agricultural potential of anti-auxins has 
also been demonstrated; PEO-IAA was reported to improve 

grain yield in rice (Tamaki et al. 2015), while both PEO-
IAA and BP-IAA derivatives improve in vitro propagation 
of Cannabis sativa L. (Smýkalová et al. 2019; Šenkyřík et 
al. 2023; Žukauskaitė et al. 2023).

Auxin-sensitive reporter lines such as DR5::GUS, 
DR5::GFP or DII::VENUS are widely used to study 
dynamic auxin distribution in plant tissues (Pařízková et 
al. 2017). However, such auxin-sensitive reporter lines are 
limited to several model species and, even then, only semi-
quantitative in vivo imaging of local substrate concentra-
tions can be achieved (Geisler 2018; Balcerowicz et al. 
2021). The recently developed genetically encoded AuxSen 
biosensor is based on auxin binding to a tryptophan repres-
sor (TrpR), which enables quantitative Förster resonance 
energy transfer (FRET)-based in vivo visualization of auxin 
(Herud-Sikimić et al. 2021). As an alternative, efforts have 
been made to develop fluorescently labelled phytohormones 
(Lace and Prandi 2016). However, even if the selected fluo-
rescent label is relatively small, its attachment might change 
the biological activity of the phytohormone due to altera-
tions in hydrophobicity/hydrophilicity, solubility, charge, 
etc. Therefore, when developing fluorescently labelled com-
pounds, it is essential to optimally choose the labelling site, 
the fluorophore and the type of linker for preservation of 
biological activity as well as fluorescence properties (Shani 
et al. 2013; Prandi et al. 2014; Malachowska-Ugarte et al. 
2015).

Materials and methods

Synthesis of compounds

Detailed synthetic procedures and spectral data of the com-
pounds are described in Supplementary Information.

Investigation of fluorescence properties

Absorption spectra

Absorption spectra of 2 µM solutions of NBD-labelled 
compound FL4 and DNS-labelled compounds FL5, FL6 
in methanol were recorded on a SP-UV1100 spectrometer 
(DLAB Scientific) in a quartz cuvette with 1  cm optical 
path, and a pure solvent was used as a reference. The spec-
tra were measured in the 250–550 nm interval with 1 nm 
step and 2 nm bandpass. The extinction coefficient ε(λ) was 
calculated from the formula:

ε (λ) =
A (λ)

cl
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where A(λ) is the estimated absorbance, c is the sample con-
centration and l is the optical path.

Steady-state fluorescence spectra

Steady-state excitation and emission spectra of 2 µM solu-
tions of compounds FL4, FL5 and FL6 in methanol were 
recorded on a Fluorolog-3 fluorometer (Jobin-Yvon, France) 
in a quartz cuvette with 1 cm optical path (both in excitation 
and emission). The absorbance of the sample at the exci-
tation wavelength should be below 0.05 in all cases, and 
therefore the inner-filter effect could be neglected. Emission 
spectra for NBD-labelled compound FL4 were recorded 
with excitation at 480 nm, bandpasses in both the excitation 
and emission monochromator were set to 3 nm, the spec-
tra were scanned with 1 nm steps and integration time 0.5 s 
per data point at 22 °C. Emission spectra for DNS-labelled 
compounds FL5 and FL6 were recorded with excitation 
at 360 nm, bandpasses in both the excitation and emission 
monochromator were set to 2 nm, the spectra were scanned 
with 1 nm steps and integration time 0.2 s per data point at 
22 °C.

Quantum yield (QY) estimation

Emission spectra were acquired under conditions described 
above. For NBD-labelled compound FL4 and DNS-labelled 
derivatives FL5 and FL6 fluorescence intensity was inte-
grated in the 485–700  nm and 370–700  nm intervals, 
respectively, and the quantum yield (QY) was calculated 
from the formula:

QY =
εS
ε

F

FS

n2

n2
S

QY S

where for NBD-labelled compound FL4 ε, F and n refer 
to the extinction coefficient at 480 nm, integrated fluores-
cence intensity and refractive index, respectively, the sub-
script „S“ refers to the standard (1 nM fluorescein in 0.1 M 
NaOH, QYS = 0.95) (Brannon and Magde 1978), while for 
DNS-labelled compounds FL5 and FL6 ε, F and n refer 
to the extinction coefficient at 360 nm, integrated fluores-
cence intensity and refractive index, respectively, the sub-
script „S“ refers to the standard (2.5 µM quinine sulphate in 
0.05 M H2SO4, QYS = 0.60) (Suzuki et al. 2009).

Biological activity evaluation

Plant growth conditions

Prior to use, all Arabidopsis thaliana seeds were sterilized in 
70% ethanol with 0.1% Tween-20 solution for 10 min (2×) 

and rinsed with 96% ethanol for 10  min. After 2 days of 
stratification (4 °C in dark), seeds were germinated on ster-
ile ½ MS medium (2.2 g/L Murashige and Skoog medium, 
1% sucrose, 0.5 g/L MES PUFFERAN and 0.7% agar, pH 
5.6) in a growth chamber under long-day light conditions 
(22 °C/20 °C, 16 h light/8 h dark, 100 µmol m− 2 s− 1) in a 
vertical position for indicated time.

Effects of synthesized compounds on auxin signalling in 
DR5::GUS Arabidopsis thaliana transgenic plants

Five-day-old seedlings of Arabidopsis thaliana seeds 
expressing DR5::GUS (Ulmasov et al. 1997) in the Col-0 
background were incubated in 24-well plates containing 1 
mL of ½ MS liquid medium supplemented with 0.5% DMSO 
as a blank control, 1 µM IAA as a positive control or deriva-
tives FL1-6 either on their own at 20 µM concentration or 
at 5, 10 and 20 µM with 1 µM IAA. The compounds were 
applied for 5 h. Seedlings were then incubated in 500 µL of 
GUS staining solution (Na-phosphate buffer, pH 7.0: 4.7 g 
of NaH2PO4 . H2O, 9.6 g of Na2HPO4 . 2 H2O was dissolved 
in 500 mL of distilled water to give 200 mM stock solu-
tion. Fifty mL of Na-phosphate buffer were supplemented 
with 0.08 g K3[Fe(CN)6], 0.12 g K4[Fe(CN)6], 50 µL 0.1% 
Triton and 50 mg of X-Gluc dissolved in 500 µl of DMSO) 
(Žukauskaitė et al. 2023) at 37 °C in the dark for 30 min. 
To stop the staining reaction, seedlings were transferred 
to 500 µL of 70% ethanol and kept overnight. Roots were 
cleared with HCG-2 solution (120 g chloral hydrate, 90 mL 
water, 30 mL glycerol) (Ma et al. 2020). GUS expression 
was evaluated using an inverted light microscope (Olympus 
IX51) with a transmission light mode under phase contrast. 
Experimental set up involved 10× objective.

Effects of synthesized compounds on root growth 
and auxin signalling in DR5::LUC Arabidopsis thaliana 
transgenic plants

Five-day-old Arabidopsis thaliana seedlings expressing 
DR5::LUC (Moreno-Risueno et al. 2010) in the Col-0 back-
ground (10–15 seedlings per treatment) were transferred 
to plates containing sterile ½ MS supplemented with 0.3% 
DMSO as a blank control, 0.1 µM IAA as positive control 
or compounds FL4, FL5 and FL6 at a final concentration 
of 10 µM with or without 0.1 µM IAA. Immediately, treated 
plates were placed on a flatbed scanner (Epson, model: 
V370 Photo). Samples were automatically scanned in the 
8-bit grayscale mode and at 800 dpi every 10 min using the 
AutoIt program for 6 h. Afterwards, the shoots were cut off 
and roots were collected in 2 mL Eppendorf tubes (with 
2 iron beads inside) and flash-frozen in liquid nitrogen. 
Samples were ground with Retsch mill and then 700 µL of 
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(S&G) Reagent. Values presented are means ± S.E. from 3 
biological replicates. Hypocotyl elongation was evaluated 
in ImageJ.

qPCR analysis

Five-day-old seedlings of Arabidopsis thaliana wild-type 
Col-0 were transferred to ½ MS liquid medium supple-
mented with 0.3% DMSO as a blank control, 1 µM IAA as 
a positive control or FL5 and FL6 at 20 µM concentration 
with or without 1 µM IAA. After 3 h seedlings were har-
vested by flash-freezing in liquid nitrogen. Samples were 
ground to fine powder in liquid nitrogen using pestle and 
mortar.

Total RNA was extracted using the Spectrum™ Plant 
Total RNA Kit, and DNA-free™ Kit was used to remove 
contaminating DNA. Two µg total RNA was reverse tran-
scribed to cDNA using Oligo(dT)18 primer and RevertAid 
H Minus Reverse Transcriptase. Real-time qPCR analy-
sis was performed using a SYBR® Select Master Mix on 
a Bio-Rad CFX96 Touch Real-Time PCR Detection Sys-
tem. The three-step cycling programme was as follows: 
95  °C for 2 min, followed by 40 cycles at 95  °C for 5 s, 
60.5 °C for 20 s and 72 °C for 10 s. Melting curve analy-
sis was conducted between 75 and 95 °C. Transcript levels 
of four auxin-responsive genes, Lateral organ boundaries-
domain 29 - LBD29 (AT3G58190), Indole-3-acetic acid 
inducible 5 - IAA5 (AT1G15580), GRETCHEN HAGEN 
3.3 - GH3.3 (AT2G23170), Auxin response factor 19 - 
ARF19 (AT1G19220) were quantified, and beta-tubulin 
2 - TUB2 (AT5G62690) was used as an internal refer-
ence gene. The primer pairs used for qPCR were: LBD29 
forward 5’- GCCACAGAGAGTAGTTACCAC-3’ and 
reverse 5’-TCACGAGAAGGAGATGTAGCC-3’; IAA5 
forward 5’-CGGCGAAAAAGAGTCAAGTTGTG-3’ 
and reverse 5’-TTTGGTCCGTTCGAGACTGTTC-3’; 
GH3.3 forward 5’-ACAATTCCGCTCCACAGTTC-3’ and 
reverse 5’-ACGAGTTCCTTGCTCTCCAA-3’; ARF19 
forward 5’-TGGGAAGAGTTTGTGAACTGC-3’ and 
reverse 5’-TGTACTTTCCAAGCATTTCCG-3’; TUB2 
forward  5’-GAGCCTTACAACGCTACTCTGTCTGTC-3’ 
and reverse 5’-ACACCAGACATAGTAGCAGAAAT-
CAAG-3’. The relative transcript abundance was calculated 
after normalizing with TUB2. Expression levels were calcu-
lated using the ΔΔCt method (Pfaffl 2001). Values presented 
are means ± S.E. from three biological replicates.

SPR assay

Surface plasmon resonance (SPR) assay was done in 
accordance with the previously described protocol (Lee 
et al. 2014). TIR1 was expressed in insect cell culture 

Cell Culture Lysis reagent (CCLR, 5× diluted in water) was 
added. Then the samples were mixed, centrifuged and left 
for 2 min on ice. Subsequently, 100 µL of lysate was trans-
ferred to a microtiter plate and assayed with a luminometer 
(BioTek Synergy H1 Plate Reader) using Luciferase Assay 
Reagent II (LAR II), Stop & Glo® (S&G) Reagent. Val-
ues presented are means ± S.E. from 3 biological replicates. 
Root growth was evaluated in ImageJ.

Effects of synthesized compounds on the elongation of 
hypocotyl segments and auxin signalling in DR5::LUC 
Arabidopsis thaliana transgenic plants

The elongation experiment was done as described previ-
ously (Fendrych et al. 2016; Li et al. 2018). Plates with 
Arabidopsis thaliana seeds expressing DR5::LUC (Moreno-
Risueno et al. 2010) in the Col-0 background on sterile ½ 
MS medium were placed vertically under light for 6 h in a 
growth chamber at 21  °C. Plates were wrapped with alu-
minium foil and grown for 3 days vertically at 21 °C.

Petri dishes with 5 mL of depletion media (10 mM KCl, 1 
mM MES, adjusted to pH 6 by KOH, 1.5% phytagel, MiliQ 
water as solvent) were prepared. After solidification, cello-
phane foil was placed on the surface and damped with liquid 
depletion medium solution.

Petri dishes with three-day-old seedlings were unwrapped 
and seedlings with similar hypocotyl length were selected. 
Decapitation was done by cutting seedlings on the sur-
face of the agar right below the apical hook and above the 
shoot-root junction to get a hypocotyl segment. For each 
treatment 6–8 segments were prepared. The segments were 
transferred onto the cellophane foil on the depletion plate 
and kept in darkness for 30–60 min to deplete endogenous 
auxin. Subsequently, hypocotyl segments were transferred 
onto a treatment plate with the depletion medium supple-
mented with 0.3% DMSO as a blank control, 0.5 µM IAA 
as positive control and FL4, FL5 or FL6 at a final concen-
tration of 50 µM with or without 0.5 µM IAA. The treat-
ment plates were placed on a flatbed scanner (Epson, model: 
V370 Photo) and wet black filter paper was placed inside 
the lid of the dish to improve the contrast of the image. The 
samples were scanned in the 8-bit grayscale mode automati-
cally using the AutoIt program and at 1200 dpi every 20 min 
for 3 h. Afterwards, hypocotyl segments were collected in 
2 mL Eppendorf tubes (with 2 iron beads inside) and flash-
frozen in liquid nitrogen. Samples were ground with Retsch 
mill and then 700 µL of Cell Culture Lysis reagent (CCLR, 
5× diluted in water) was added. The samples were mixed, 
centrifuged and left on ice for 2 min. Subsequently, 100 µL 
of lysate was transferred to a microtiter plate and assayed 
with a luminometer (BioTek Synergy H1 Plate Reader) 
using Luciferase Assay Reagent II (LAR II), Stop & Glo® 
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particle size 1.7  μm; Phenomenex, USA) was used for 
UHPLC separation. The mobile phase consisted of acetoni-
trile (A) and deionized water (B), both with the addition of 
0.1% acetic acid. Time of each analysis was 5.5 min, flow 
rate 0.3 mL/min and gradient elution as follows: 0 min – 
60% B, 3.0 min – 30% B, 4.25 min – 99% B, 4.5 min – 99% 
B, 5.5 – 60% B. During the analysis, samples were stored in 
an autosampler at 4 °C, 2 µl of each sample were injected 
and column tempered at 30 °C.

The eluate was introduced into the electrospray ion 
source of a tandem MS analyser in positive mode (ESI+) 
using these optimized conditions: source/desolvation tem-
perature 150/600°C; cone/desolvation gas flow, 150/1000 
L/h; capillary voltage, 1 kV; cone voltage, 20 V; collision 
gas flow, 0.14 mL/min. Analytes were measured in multiple 
reaction monitoring (MRM) mode with optimized condi-
tions as described in Supplementary Table S1 and data 
interpreted in MassLynx v4.2 software (Waters MS Tech-
nologies, UK).

For compound quantification, samples with known com-
pounds concentration were prepared and their recovery 
factor was calculated. Three replicates of seven-day-old 
Arabidopsis thaliana seedlings were harvested (≈ 10 mg per 
sample) and flash-frozen in liquid nitrogen. To each sample 
1 nmol of FL4, FL5, FL6, CTRL1 and CTRL2 was added 
and samples were processed by LLE as described above. 
To calculate for analytes loses and matrix effects, six points 
external calibration curve ranging from 1 fmol to 100 pmol 
in 10% acetonitrile was measured, and recovery factor was 
calculated from the samples (Supplementary Table S2). For 
real samples, concentration was calculated from an external 
calibration curve after application of dilution and recovery 
factors.

Accumulation of the fluorescently labelled 
derivatives in Arabidopsis root cells

Five-day-old seedlings of Arabidopsis thaliana wild-type 
Col-0 or marker lines: p24δ5-RFP (endoplasmic reticulum 
marker) (Montesinos et al. 2012), Wave lines 22R/SYP32 
(Golgi apparatus marker) (Geldner et al. 2009) were incu-
bated in 24-well plates containing 1 mL of ½ MS liquid 
media supplemented with fluorescent compounds FL4 and 
CTRL1 at a final concentration of 10 µM for 10–20 min, 
while 9R/VAMP711 seedlings (Geldner et al. 2009) were 
treated with FL4, CTRL1 and CTRL2 at a final concentra-
tion of 2 µM for 3 h. Plants were subsequently visualized 
using a confocal microscope (ZEISS LSM 800 and LSM 
900). Experimental set up involved 10× − 100× objective.

using a recombinant baculovirus. The construct contained 
sequences for three affinity tags: 10 His, green fluorescent 
protein (GFP) and FLAG. Protein purified using the His tag 
was used for SPR assays by passing it over a streptavidin 
chip loaded with biotinylated IAA7 degron peptide in the 
absence or presence of IAA and test compounds FL5 and 
FL6 and auxinole as anti-auxin control.

Hepes-buffered saline with 10 mM Hepes, 3 mM EDTA, 
150 mM NaCl and 0.05% Tween 20 was used as the SPR 
buffer. Compounds were premixed with the protein and the 
binding experiments were run at a flow rate of 30 µl min− 1 
using 2 min of injection time and 4 min of dissociation time. 
Data from a control channel (a mutated IAA7 peptide) and 
from a buffer-only run supplemented with DMSO (final 1%) 
were subtracted from each sensogram following the stan-
dard double reference subtraction protocol.

Uptake quantification in Arabidopsis thaliana 
seedlings using LC-MS/MS

Five-day-old seedlings of Arabidopsis thaliana wild-type 
Col-0 were transferred to plates containing sterile ½ MS 
solid media supplemented with 0.3% DMSO as a blank con-
trol, or compounds FL4, FL5 and FL6 at 10 µM concentra-
tion. The seedlings were harvested after 1, 3 and 6 h.

To compare the uptake of compound FL4 and its con-
trols, CTRL1 and CTRL2, five-day-old seedlings were 
transferred to sterile ½ MS liquid media supplemented 
with 0.3% DMSO as a blank control, or compounds FL4, 
CTRL1 and CTRL2 at 10 µM concentration. The seedlings 
were harvested after 30 min.

Immediately after harvest, samples were flash-frozen in 
liquid nitrogen and divided into five (long feeding) or six 
(short feeing) biological replicates with ≈ 10  mg of plant 
material each. All the samples were purified by liquid-liquid 
extraction using combination of acetonitrile/H2O/hexane 
(1/1/1) in the 900 µL total volume. Three ceria-stabilized zir-
conium oxide beads were added, and samples were homog-
enized by MixerMill MM 301 bead mill (Retsch GmBH, 
Germany) for 10 min at a frequency 27 Hz. Extracts were 
then incubated at 4 °C shaking continuously for 15 min and 
centrifuged (15 min, 23 000 g, 4 °C). The acetonitrile/H2O 
phase was transferred to MicroSpin tubes (0.2 μm, nylon, 
Chromservis s.r.o.®, Czech Republic), centrifuged for 
10  min (12 000  g, 4  °C) and flow-through fraction was 
evaporated to dryness under vacuum.

The evaporated samples were dissolved in 50 µl of 10% 
acetonitrile prior to LC-MS/MS analysis using an Acquity 
UPLC® System (Waters, USA) coupled to a triple quad-
rupole mass spectrometer Xevo™ TQ MS (Waters MS 
Technologies, UK). Chromatographic reverse-phase col-
umn (Kinetex C18 100 A, length 50 mm, diameter 2.1 mm, 
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procedures published by Bieleszová et al. (Bieleszová et al. 
2019) and Saura et al. (Saura et al. 2015). Linker-tagged 
IAA double methyl ester derivatives 3a-d were treated with 
trifluoroacetic acid in dichloromethane at room temperature 
for 30 min, affording free amines. The latter were treated 
with triethylamine and NBD- or DNS-chloride in acetoni-
trile at room temperature for 3 h. This led to the formation of 
NBD- and DNS-labelled IAA dimethyl esters 4a-d and 4e-f 
in 57–77% and 27–31% overall yield, respectively. The full 
deprotection of fluorescently labelled IAA dimethyl esters 
4a-f was performed similarly to the procedure published 
by Bieleszová et al. (Bieleszová et al. 2019). Compounds 
4a-f were dissolved in methanol, treated with 1 M lithium 
hydroxide solution and stirred at 50 °C for 4 h. Subsequent 
acidification with 1 M potassium hydrogen sulfate solution 
led to the formation of final products 5a-f in 28–52% yield, 
which were designated as FL1-6. Detailed procedures for 
the synthesis of the compounds are available in Supplemen-
tary Information.

Determination of biological activity

First of all, the ability of fluorescently labelled auxin deriva-
tives FL1-6 to affect auxin signalling was evaluated using 
the Arabidopsis transgenic line DR5::GUS (Ulmasov et 
al. 1997), in which the expression of the β-glucuronidase 

Results and discussion

Synthesis of the compound library

The planar aromatic ring and a carboxyl group side chain are 
regarded to be essential for auxin activity; while the amino 
group of the IAA indole ring is involved in the hydrogen 
bonding with the amide group of Leu439 in TIR1 receptor 
(Tan et al. 2007). To ensure selective alkylation of IAA mol-
ecule at the α-position, carboxylic acid and amino groups of 
commercially available indole-3-acetic acid were protected 
as methyl esters in accordance with the procedure published 
by Hayashi et al. (Hayashi et al. 2012). The tert-butyl (iodo-
alkyl)carbamates 2a-d were prepared from aliphatic amino 
alcohols via Boc-protection of amino group, followed by 
iodination of hydroxyl group with slight changes to the pro-
cedure published by Ensch et al. (Ensch and Hesse 2002). 
Subsequently, α-alkylation of IAA dimethyl ester 1 was 
investigated (Fig. 1). Synthesis was done with slight changes 
to the procedure published by Chen et al. (Chen et al. 2013). 
IAA dimethyl ester 1 was treated with sodium hydride and 
linkers 2a-d in dimethylformamide at 0 °C and the mixture 
was stirred at room temperature for 3  h resulting in 3a-d 
in 19–48% yield. Fluorescent labelling with 4-chloro-7-ni-
trobenzofurazan (NBD) or 5-(dimethylamino)naphthalene-
1-sulfonyl (DNS, Dansyl) chloride was performed adopting 

Fig. 1  Synthesis and structures of fluorescently labelled IAA derivatives 5a-f designated as FL1-6
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control plants the blue staining was visible only in the 
root tip, corresponding to the accumulation of endogenous 
auxins (Fig.  2a). Compounds FL1-6, despite being IAA 

(GUS) reporter gene is controlled by the synthetic auxin-
inducible DR5 promoter. Thus, in contrast to 1 µM IAA 
treatment, where the roots were stained completely, in 

Fig. 2  The effect of compounds 
FL1-6 on GUS expression in the 
DR5::GUS transgenic plants of 
Arabidopsis thaliana. Five-day-
old seedlings were treated with 1 
µM IAA (a), and with com-
pounds 20 µM FL1-6 for 5 h (b). 
Five-day-old seedlings were co-
treated with compounds FL1-6 at 
given concentrations (5, 10 and 
20 µM) and 1 µM IAA for 5 h 
(c). Figures were chosen as repre-
sentatives from three independent 
biological repetitions. Scale bars 
represents 200 μm
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Figure S1). Compared to FL5 and FL6, for which the con-
centration within the first 3 h stayed almost unchanged, the 
concentration of FL4 after 3 h was decreased approximately 
2-fold, indicating its rapid metabolism or degradation. After 
6 h the concentration of all three compounds in plants was 
drastically reduced (Supplementary Figure S1), indicating 
that the compounds should be primarily used in short term 
experiments.

Consequently, FL4, FL5 and FL6 were further examined 
for their biological activity in short term assays. For this 
purpose the transgenic line DR5::LUC (Moreno-Risueno et 
al. 2010) was employed, which possesses a synthetic auxin-
responsive promoter DR5 driving the expression of the fire-
fly luciferase enzyme. In this transgenic line, auxin response 
is determined by the luminescence intensity of luciferase. 
Thus, to confirm anti-auxin activity of the compounds, we 
checked whether treatment with the compounds will lead to 
a decrease in the nuclear auxin response in IAA co-treated 
DR5::LUC plants (Moreno-Risueno et al. 2010; Fendrych 
et al. 2018). Similarly to DR5::GUS results, auxin-induced 
DR5::LUC response was strongly antagonized by DNS-
labelled derivatives FL5 and FL6, showing their inhibitory 
effect on auxin signalling (Fig.  3a). Moreover, treatment 
of hypocotyl segments prepared from etiolated DR5::LUC 

derivatives, did not show auxin activity, manifested by the 
lack of GUS staining even at 20 µM concentration (Fig. 2b). 
In contrast, when co-applied with 1 µM IAA (Fig. 2c), some 
of the fluorescently labelled compounds blocked auxin-
induced DR5::GUS expression in a dose-dependent manner, 
similarly to known anti-auxins (Hayashi et al. 2012). The 
DNS-labelled compounds FL5 and FL6 completely inhib-
ited DR5::GUS expression induced by 1 µM IAA at 20 µM 
concentration, thus showing the strongest inhibitory effect. 
Conversely, the longest linker-possessing NBD-labelled 
compound FL4 showed weak anti-auxin activity at 20 µM 
concentration and was not able to completely inhibit effect 
of 1 µM IAA (Fig. 2c).

Based on the results from DR5::GUS assay, the most 
active compounds FL4, FL5 and FL6 were selected for the 
investigation of their uptake and stability dynamics in vivo by 
ultra-high performance liquid chromatography coupled with 
tandem mass spectrometry (UHPLC-MS/MS), to determine 
the duration over which these compounds can be utilized 
in in planta experiments. Plants were transferred to solid 
medium treated with 10 µM concentration of FL4, FL5 or 
FL6 and subsequently harvested at three time points. After 
1 h treatment, all three compounds FL4, FL5 and FL6 were 
detected in plants at a similar concentration (Supplementary 

Fig. 3  The effect of compounds FL4, FL5 and FL6 on luciferase activity in roots and hypocotyl segments of DR5::LUC transgenic plants of 
Arabidopsis thaliana. Five-day-old seedlings were transferred to plates with media containing 0.3% DMSO as a blank control, 0.1 µM IAA as 
positive control or 10 µM FL4, FL5 and FL6 with 0.1 µM IAA for 6 h. The luminescence intensity in the roots was quantified (a). Hypocotyl seg-
ments from three-day-old dark-grown plants were transferred onto a treatment plate with the depletion medium supplemented with 0.3% DMSO 
as a blank control, 0.5 µM IAA as positive control or compounds FL4, FL5 and FL6 at final concentration of 50 µM with 0.5 µM IAA for 3 h. 
The luminescence intensity in the hypocotyls was quantified (b). Results are averages from three independent repetitions. Values are means ± S.E. 
Different letters indicate statistically significant differences between treatments according to Wilcoxon test after Kruskal-Wallis analysis (P < 0.05)
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their anti-auxin activity (Fig. 4b). Moreover, the compounds 
were also able to inhibit the effect of endogenous auxin-
induced gene expression, which was the most prominent for 
the LBD29 and GH3.3 genes (Fig. 4a).

Additionally, the effect of compounds on primary root-
growth and elongation of hypocotyl segments was evaluated 
(Fig. 5, Supplementary Figure S2). Nanomolar IAA concen-
trations trigger primary root-growth inhibition (Woodward 
and Bartel 2005) which has been demonstrated to happen 
in less than 30 s after auxin reaches the root surface (Fen-
drych et al. 2018). In rapid root-growth assay, DNS-labelled 
compounds FL5 and FL6 were able to partially reverse the 
auxin-induced primary root-growth inhibition, confirming 
their anti-auxin activity (Fig.  5a, Supplementary Figure 
S2a). In contrast, NBD-labelled derivative FL4 was unable 
to counteract the effect of auxin.

transgenic plants of Arabidopsis thaliana with IAA and 
DNS-labelled derivatives FL5 or FL6 resulted in a sig-
nificant decrease in luminescence intensity, compared to 
plants treated with 0.5 µM IAA alone, proving their strong 
anti-auxin activity also in this tissue (Fig. 3b). The decrease 
in luminescence intensity in both roots and hypocotyl seg-
ments was milder in the case of treatment with FL4.

Subsequently, a qPCR analysis of four early auxin-
responsive genes, IAA5, LBD29, GH3.3 and ARF19 
(Paponov et al. 2008), upon treatment with the most active 
compounds FL5 and FL6 at 20 µM concentration alone 
or in combination with 1 µM IAA was performed. Com-
pounds FL5 and FL6 did not induce the expression of 
auxin-responsive genes, which further corroborates our ini-
tial observation that these compounds do not possess auxin 
activity (Fig. 4a). In co-treatment with IAA, the compounds 
suppressed expression of auxin-inducible genes, confirming 

Fig. 4  Transcriptional response of auxin-responsive genes to treatment with compounds FL5 and FL6. Five-day-old seedlings were treated with 
compounds FL5 and FL6 at 20 µM alone (a) or in co-treatment with 1 µM IAA (b) for 3 h. Transcript levels of four early auxin-responsive genes, 
LBD29, IAA5, GH3.3, ARF19 were quantified by real-time PCR and fold change was calculated via the comparative cycle threshold (Ct) method 
and values were normalised based on expression of the TUB2 gene. Values are means ± S.E. from three biological repetitions. Different letters 
indicate statistically significant differences between compounds and control (a) or between compounds and IAA (b), according to Tukey’s test 
after ANOVA (P < 0.05)

 

Fig. 5  The effect of compounds FL4, FL5 and FL6 on primary root growth and elongation of hypocotyl segments in DR5::LUC transgenic plants 
of Arabidopsis thaliana. Five-day-old seedlings were transferred to plates with media containing 0.3% DMSO as a blank control, 0.1 µM IAA as 
positive control or 10 µM FL4, FL5 and FL6 with 0.1 µM IAA for 6 h and primary root growth was evaluated (a). Hypocotyl segments from three-
day-old dark-grown plants were transferred onto a treatment plate with the depletion medium supplemented with 0.3% DMSO as a blank control, 
0.5 µM IAA as positive control or 50 µM FL4, FL5 and FL6 with 0.5 µM IAA for 3 h and elongation of hypocotyl segments was evaluated (b). 
Results are averages from three independent repetitions. Values are means ± S.E.
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Nuclear auxin signalling is believed to be involved in 
elongation of hypocotyl segments (Fendrych et al. 2016). 
In etiolated hypocotyls of Arabidopsis thaliana, which have 
been depleted of endogenous auxin by decapitation, com-
pounds FL5 and, particularly, FL6 were also able to revert 
IAA-induced hypocotyl elongation, while FL4 could not 
(Fig. 5b, Supplementary Figure S2b).

In vitro determination of anti-auxin activity by SPR binding 
assay

The capacity of the derivatives to antagonize auxin binding 
to auxin receptor TIR1 (Dharmasiri et al. 2005a; Kepinski 
and Leyser 2005) and AUXIN/INDOLE-3-ACETIC ACID7 
(IAA7) co-receptor complex (Calderón Villalobos et al. 
2012) was studied by SPR analysis (Lee et al. 2014). Simi-
larly, to other anti-auxins (Hayashi et al. 2012; Žukauskaitė 
et al. 2023), derivatization of the IAA molecule at the 
α-position resulted in anti-auxin activity of the compounds. 
In co-treatment with 5 µM IAA, compounds inhibited TIR1 
co-receptor assembly with IAA7 degron (Fig. 6) by compet-
ing with IAA for its binding site and reducing the signal in a 
dose dependent manner. Interestingly, DNS-labelled deriva-
tives FL5 (Fig. 6a) and FL6 (Fig. 6b) showed stronger anti-
auxin activity, outperforming auxinole (Hayashi et al. 2012) 
(Supplementary Figure S3).

Fluorescence properties and validation of 
compound uptake in planta

To evaluate the suitability of the compounds for microscopy 
experiments, their fundamental fluorescence properties 
were evaluated in vitro. As anticipated, in methanol, com-
pound FL4 had absoption maxima at 467 nm, and emission 
maxima at 531  nm, resulting in 64  nm Stokes shift typi-
cal for NBD-labelled molecules (Lancet and Pecht 1977; 
Bieleszová et al. 2019). On the other hand, compounds FL5 
and FL6 had absoption maxima between 331 and 336 nm, 
and emission maxima at 519–520  nm, resulting in large 

Fig. 6  SPR analysis of the antagonistic effect of compounds FL5 and FL6 on auxin-induced interaction between TIR1 protein and IAA7 degron 
peptide. The sensorgrams show association followed by dissociation in buffer. Results for IAA (5 µM) on TIR1 protein alone (red) and in co-
treatment with compounds FL5 (a) and FL6 (b) in a concentration range (0.7, 1.25, 2.5, 5, 10, 20 µM) (shades of blue)

 

Fig. 7  Uptake of compounds FL4-6, CTRL1 and CTRL2 in Arabi-
dopsis thaliana roots. Five-day-old seedlings were treated with 10 
µM FL4, FL5 and FL6 for 10 min, 10× zoom, scale bar represents 
100 μm. (a). Five-day-old seedlings were treated with 10 µM CTRL1 
and CTRL2 for 10 min, 10× zoom, scale bar represents 100 μm; cor-
responding structures of controls CTRL1 and CTRL2 (b). Uptake of 
compounds FL4-6, CTRL1 and CTRL2 was evaluated in five-day-
old Arabidopsis thaliana seedlings treated with test compounds at 10 
µM concentration and harvested after 30 min (c). Results are averages 
(nmol/g FW) from six biological repetitions. Values are means ± S.D.
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confocal microscopy and UHPLC-MS/MS. From the results, 
we could see that CTRL1 accumulated strongly in Arabi-
dopsis roots (Fig. 7b,c), which may be caused by its lipo-
philic nature (Schriever and Lamshoeft 2020). CTRL2 also 
showed a uniform accumulation in all root layers, although 
the uptake was lower than that of CTRL1 (Fig. 7b,c).

Visualization of subcellular distribution of 
compound FL4 and its controls

Compound FL4 and its controls CTRL1 and CTRL2 were 
used to investigate their accumulation patterns at the subcel-
lular level. Both, compound FL4 and CTRL1, displayed 
strong co-localization with the fluorescent signal of the 
transgenic marker lines p24δ5-RFP and SYP32-mCherry, 
revealing their accumulation in endoplasmic reticulum and 
Golgi apparatus (Fig. 8). The localization of CTRL1 to both 
organelles suggests that the auxin part of FL4 might not be 
crucial for compound accumulation in endoplasmic reticu-
lum and Golgi apparatus.

To study accumulation in vacuoles, two controls, 
CTRL1 and carboxylic acid group bearing CTRL2, were 
used alongside compound FL4 (Fig. 9). In the case of FL4, 
a co-localization with tonoplast using VAMP711-mCherry 
marker line could be seen after 3 h (Fig. 9a). Moreover, a 
partial co-localization with the marker is also visible for car-
boxylic acid group bearing CTRL2 (Fig. 9c). On the con-
trary, CTRL1 did not show co-localization with the marker 
(Fig. 9b).

Stokes shifts, typical for DNS derivatives (Wei et al. 2023) 
(Supplementary Figure S4, Supplementary Table S3).

The uptake of compounds FL4, FL5 and FL6 in Ara-
bidopsis thaliana after treatment in liquid medium was 
evaluated using confocal microscopy and UHPLC-MS/
MS (Fig. 7a,c). Due to its superior fluorescence properties, 
compound FL4 was the most suitable for confocal experi-
ments. Distribution of FL4 in Arabidopsis thaliana roots 
was mainly observed in epidermal cells. DNS-labelled com-
pounds FL5 and FL6, which possesed absorption maxi-
mas in UV range, could not be properly visualized using 
the excitation lasers available in our equipment (minimum 
wavelength of 405  nm), and therefore only low-clarity 
images could be obtained (Fig. 7a). UHPLC-MS/MS results 
confirmed the accumulation of compounds FL4, FL5 and 
FL6 in plants, indicating that the poor visibility of FL5 
and FL6 in confocal images is not uptake-related (Fig. 7c). 
However, compounds FL5 and FL6 could probably be used 
in UV-microscopy experiments, which typically employ 
microscopes equipped with excitation lasers within the UV 
spectrum (Maxfield and Wüstner 2012).

Based on the fluorescence measurements in vitro and 
visualization of compounds in primary roots of Arabidopsis 
thaliana, compound FL4 was selected to study accumula-
tion patterns in planta, alongside of two selected controls 
CTRL1 and CTRL2 (synthesis in Supplementary Informa-
tion), which are possible degradation products of compound 
FL4 (Fig.  7b). The uptake of these control compounds 
CTRL1 and CTRL2 in Arabidopsis thaliana after treat-
ment in liquid medium was analogously evaluated using 

Fig. 8  Uptake of FL4 and CTRL1 in epidermal cells of the root meristematic zone of Arabidopsis thaliana roots of p24δ5-RFP (a,b), and SYP32-
mCherry (c,d) lines. Five-day-old seedlings were treated with 10 µM FL4 (a,c) and CTRL1 (b,d) for 10–20 min. 40× zoom for CTRL1 or 100× 
zoom for FL4. Scale bars represent 5 μm
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and controls CTRL1 and CTRL2, FL4 is not suitable for 
studying auxin accumulation patterns in planta. Notably, 
the strongest anti-auxin activity possessing compounds 
FL5 and FL6 might be used to study mechanism of bind-
ing to auxin receptors and for in planta manipulations of 
auxin-regulated processes with potential applications in 
agriculture.
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Conclusions

In this work we have designed and synthesized six new 
fluorescently labelled IAA derivatives. None of the com-
pounds showcased auxin activity but, on the contrary, 
acted as anti-auxins at levels of developmental regula-
tion, transcription induction, and binding to receptors.

While NBD-labelled compounds FL1-4 only possessed 
weak anti-auxin activity, DNS-labelled compounds FL5 
and FL6 were able to completely inhibit auxin-induced 
expression of DR5::GUS transcriptional auxin response 
reporter. Further testing using another auxin-responsive 
reporter line, DR5::LUC, revealed stronger anti-auxin 
activity of FL5 and FL6 compounds in roots and hypo-
cotyls in comparison with compound FL4. qPCR anal-
ysis, performed with the most active compounds FL5 
and FL6 alone and in co-treatment with IAA, showed 
decreased expression of early auxin response genes. 
Anti-auxin activity of compounds was also confirmed by 
SPR binding assays, where FL5 and FL6 showed strong 
anti-auxin activity, outperforming the established anti-
auxin auxinole (Hayashi et al. 2012).

Fluorescence measurements showed that the DNS 
derivatives are not suitable for most confocal experi-
ments, due to their absorption maxima being around 
331–336  nm, which is in the UV part of the spectrum. 
The compound FL4, bearing NBD as a fluorescent label, 
showed better fluorescent properties and was used for 
further studies of accumulation patterns in planta. Two 
additional compounds (CTRL1 and CTRL2), which also 
carried the NBD label in the structures but lacked the 
auxin molecule, were also prepared to be used as controls. 
The results from visualization of subcellular localization 
show that CTRL1, despite not having an auxin molecule 
attached, was able to mimic the accumulation patterns of 
FL4, even at the subcellular level. In the case of the vac-
uolar marker VAMP711-mCherry, co-localization was 
visible for compound FL4 and CTRL2, both of which 
carry a carboxylic acid group in the structure. Due to the 
relatively strong co-localizations of the FL4 compound 

Fig. 9  Uptake of FL4, CTRL1 and CTRL2 in epidermal cells of the root meristematic zone of Arabidopsis thaliana roots of VAMP711-mCherry 
line. Five-day-old seedlings were treated with FL4 (a), CTRL1 (b), and CTRL2 (c) at 2 µM concentration for 3 h. 40× or 100× zoom. Scale bars 
represent 5 μm
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Chemicals and general methods 

 

Chemicals were purchased from common commercial suppliers. All reactions were performed 

in oven-dried glassware. Dimethylformamide was dried over molecular sieves for at least 48 h 

prior to use. Conversion of starting materials was monitored by thin layer chromatography 

(TLC) on aluminium plates coated with silica gel 60 F254 (Merck, USA) and the reaction 

components were visualized by UV light (254 and 365 nm) and staining solutions (vanillin, 

ninhydrin or potassium permanganate). Reaction mixtures were purified by column 

chromatography on silica gel (40-63 µm Davisil LC60A, Grace Davison, UK). 1H (500 MHz) 

and 13C (125 MHz) NMR spectra were recorded in deuterated solvents (acetone-d6, DMSO-d6, 

CDCl3) at room temperature on a Jeol ECA-500 spectrometer equipped with a 5 mm Royal 

probe. Chemical shifts were calibrated to values of appropriate solvents - 1H 2.50 ppm of 

residual DMSO-d6 peak, 7.26 ppm of residual peak of CDCl3, 2.05 ppm of residual peak of 

acetone-d6 and 13C 39.50 ppm signal of DMSO-d6, 77.16 ppm signal of CDCl3, 29.84 and 

206.26 ppm signal of acetone-d6. The LC–MS analyses were performed on an ACQUITY 

UPLC® H-Class system combined with UPLC® PDA detector and a single-quadrupole mass 

spectrometer QDa™ (Waters, UK) as described previously (Bieleszová et al. 2019). 

 

Synthesis of compounds 

 

Synthesis of methyl 3-(2-methoxy-2-oxoethyl)-1H-indole-1-carboxylate 1 

Methyl 3-(2-methoxy-2-oxoethyl)-1H-indole-1-carboxylate 1 was prepared from indole-3-

acetic acid in accordance with the procedure described by Hayashi et al. (Hayashi et al. 2012). 

 

Synthesis of tert-butyl (iodoalkyl)carbamates 2a-d 

The tert-butyl (iodoalkyl)carbamates 2a-d were prepared from corresponding aliphatic amino 

alcohols via sequential Boc-protection of amino group, followed by iodination of hydroxyl 

group with slight changes to the procedure described by Ensch et al. (Ensch and Hesse 2002). 

 

General alkylation procedure for the synthesis of methyl 3-((tert-butoxycarbonyl)amino)-1-

methoxy-1-oxoalkan-2-yl)-1H-indole-1-carboxylates 3a-d 

Synthesis of methyl 3-(8-((tert-butoxycarbonyl)amino)-1-methoxy-1-oxooctan-2-yl)-1H-

indole-1-carboxylate 3d is representative. To a solution of methyl 3-(2-methoxy-2-oxoethyl)-

1H-indole-1-carboxylate 1 (200 mg, 0.81 mmol), dissolved in dry dimethylformamide (2.5 
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mL), solution of tert-butyl (6-iodohexyl)carbamate 2d (318 mg, 0.97 mmol) in dry 

dimethylformamide (2.5 mL) was added. Then, sodium hydride (60% in mineral oil) (36 mg, 

0.89 mmol) was added at 0 °C and resulting reaction mixture was stirred at room temperature 

for 3 h under argon. Subsequently, reaction mixture was cooled down to 0 °C, quenched with 

water (10 mL) and extracted with diethyl ether (3 × 15 mL). The combined organic extracts 

were washed with brine (2 × 10 mL). Drying with sodium sulfate, filtration and evaporation of 

the solvent under reduced pressure and purification of the residue by flash chromatography on 

silica gel (petroleum ether/ethyl acetate 6/1) afforded methyl 3-(8-((tert-

butoxycarbonyl)amino)-1-methoxy-1-oxooctan-2-yl)-1H-indole-1-carboxylate 3d in 46% 

yield. 

 

General fluorescent labelling procedure for the synthesis of methyl 3-(1-methoxy-(7-

nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-oxoalkan-2-yl)-1H-indole-1-carboxylates 4a-d 

Synthesis of methyl 3-(1-methoxy-8-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-

oxooctan-2-yl)-1H-indole-1-carboxylate 4d is representative. Methyl 3-(8-((tert-

butoxycarbonyl)amino)-1-methoxy-1-oxooctan-2-yl)-1H-indole-1-carboxylate 3d (101 mg, 

0.23 mmol) was dissolved in dichloromethane (4 mL) and trifluoroacetic acid (0.58 mL) was 

added dropwise at 0 °C. Resulting reaction mixture was warmed up to room temperature and 

stirred for 30 min. Subsequently, reaction mixture was cooled down to 0 °C, quenched by slow 

addition of aqueous saturated sodium bicarbonate solution until pH = 7 and extracted with ethyl 

acetate (3 × 10 mL). The combined organic extracts were washed with brine (2 × 5 mL). Drying 

with sodium sulfate, filtration and evaporation of the solvent under reduced pressure afforded 

crude methyl 3-(8-amino-1-methoxy-1-oxooctan-2-yl)-1H-indole-1-carboxylate, which was 

used without further purification. Crude methyl 3-(8-amino-1-methoxy-1-oxooctan-2-yl)-1H-

indole-1-carboxylate (78 mg, 0.23 mmol) was dissolved in acetonitrile (5 mL) and cooled down 

to 0 °C. To the resulting solution triethylamine (0.06 mL, 0.46 mmol) was added dropwise, 

followed by addition of 4-chloro-7-nitrobenzofurazan (NBD-Cl) in small portions (45 mg, 0.23 

mmol). The reaction mixture was stirred at room temperature for 3 h. Subsequently, reaction 

mixture was cooled down to 0 °C, quenched with saturated ammonium chloride solution (10 

mL) and extracted with ethyl acetate (3 × 20 mL). The combined organic extracts were washed 

with brine (2 × 10 mL). Drying with sodium sulfate, filtration, evaporation of the solvent under 

reduced pressure and purification of the residue by flash chromatography on silica gel 

(dichloromethane/acetone 50/1) afforded methyl 3-(1-methoxy-8-((7-
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nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-oxooctan-2-yl)-1H-indole-1-carboxylate 4d in 

77% yield. 

 

General fluorescent labelling procedure for the synthesis of methyl 3-(1-methoxy-(3-(5-

(dimethylamino)naphthalene)-1-sulfonamido))-1-oxoalkan-2-yl)-1H-indole-1-carboxylates 

4e-f 

Synthesis of methyl 3-(8-((5-(dimethylamino)naphthalene)-1-sulfonamido)-1-methoxy-1-

oxooctan-2-yl)-1H-indole-1-carboxylate 4f is representative. 3-(8-((tert-

Butoxycarbonyl)amino)-1-methoxy-1-oxooctan-2-yl)-1H-indole-1-carboxylate 3f (200 mg, 

0.45 mmol) was dissolved in dichloromethane (8 mL) and trifluoroacetic acid (1.13 mL) was 

added dropwise at 0 °C. Resulting reaction mixture was warmed up to room temperature. After 

30 minutes, reaction mixture was cooled down to 0 °C, quenched by slow addition of aqueous 

saturated sodium bicarbonate solution until pH = 7 and extracted with ethyl acetate (3 × 20 

mL). The combined organic extracts were washed with brine (2 × 5 mL). Drying with sodium 

sulfate, filtration and evaporation of the solvent under reduced pressure afforded crude methyl 

3-(8-amino-1-methoxy-1-oxooctan-2-yl)-1H-indole-1-carboxylate, which was dissolved in 

acetonitrile (10 mL) and cooled down to 0 °C. To the resulting solution triethylamine (0.13 mL, 

0.90 mmol) was added dropwise, followed by addition of 5-(dimethylamino)naphthalene-1-

sulfonyl chloride (DNS-Cl) in small portions (120 mg, 0.45 mmol). The reaction mixture was 

stirred at room temperature for 3 h. Subsequently, reaction mixture was cooled down to 0 °C, 

quenched with saturated ammonium chloride solution (20 mL) and extracted with ethyl acetate 

(3 × 30 mL). The combined organic extracts were washed with brine (2 × 20 mL). Drying with 

sodium sulfate, filtration, evaporation of the solvent under the reduced pressure and purification 

of the residue by flash chromatography on silica gel (dichloromethane/acetone 50/1) afforded 

methyl 3-(8-((5-(dimethylamino)naphthalene)-1-sulfonamido)-1-methoxy-1-oxooctan-2-yl)-

1H-indole-1-carboxylate 4f in 31% yield. 

 

General hydrolysis procedure for the synthesis of 2-(1H-indol-3-yl)-(7-

nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)alkanoic acids 5a-d (FL1-4) 

Synthesis of 2-(1H-Indol-3-yl)-8-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)octanoic acid 

5d (FL4) is representative. Methyl 3-(1-methoxy-8-((7-nitrobenzo[c][1,2,5]oxadiazol-4-

yl)amino)-1-oxooctan-2-yl)-1H-indole-1-carboxylate 4d (148 mg, 0.29 mmol) was dissolved 

in methanol (12 mL) and 1M lithium hydroxide solution (3 mL) was added at 0 °C. The reaction 

mixture was warmed up to 50 °C and stirred for 4 h. Subsequently, the reaction mixture was 
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cooled down to 0 °C, acidified with 1M potassium bisulfate solution to pH = 6 and extracted 

with ethyl acetate (3 × 20 mL). The combined organic extracts were washed with brine (2 × 10 

mL). Drying with sodium sulfate, filtration and evaporation of the solvent under reduced 

pressure and the purification of the residue by flash chromatography on silica gel 

(dichloromethane/acetone 50/1), afforded 2-(1H-indol-3-yl)-8-((7-

nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)octanoic acid 5d (FL4) in 36% yield. 

 

General hydrolysis procedure for the synthesis of 2-(1H-indol-3-yl)-(5-

(dimethylamino)naphthalene)-1-sulfonamido)alkanoic acids 5e-f (FL5-6) 

Synthesis of 8-((5-(dimethylamino)naphthalene)-1-sulfonamido)-2-(1H-indol-3-yl)octanoic 

acid 5f (FL6) is representative. Methyl 3-(8-((5-(dimethylamino)naphthalene)-1-sulfonamido)-

1-methoxy-1-oxooctan-2-yl)-1H-indole-1-carboxylate 4f (61 mg, 0.11 mmol) was dissolved in 

methanol (5 mL) and 1M lithium hydroxide solution (1.1 mL) was added at 0 °C. The reaction 

mixture was warmed up to 50 °C and stirred for 4 h. Then, the reaction mixture was cooled 

down to 0 °C and acidified with 1M potassium bisulfate solution to pH = 6. The resulting 

reaction mixture was extracted with ethyl acetate (3 × 20 mL). The combined organic extracts 

were washed with brine (2 × 10 mL). Drying with sodium sulfate, filtration and evaporation of 

the solvent under reduced pressure and the purification of the residue by flash chromatography 

on silica gel (ethyl acetate/methanol 10/1), afforded 8-((5-(dimethylamino)naphthalene)-1-

sulfonamido)-2-(1H-indol-3-yl)octanoic acid 5f (FL6) in 43% yield. 

 

Synthesis of N-hexyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine CTRL1 

Hexan-1-amine (0.13 mL, 0.99 mmol) was dissolved in acetonitrile (16 mL) and cooled down 

to 0 °C. To the resulting solution triethylamine (0.14 mL, 1.98 mmol) was added dropwise, 

followed by addition of 4-chloro-7-nitrobenzofurazan in small portions (197 mg, 0.99 mmol). 

The reaction mixture was stirred at room temperature for 3 h. Subsequently, reaction mixture 

was cooled down to 0 °C, quenched with saturated ammonium chloride solution (20 mL), 

extracted with ethyl acetate (3 × 30 mL) and the combined organic extracts were washed with 

brine (2 × 20 mL). Drying with sodium sulfate, filtration, evaporation of the solvent under the 

reduced pressure and purification of the residue by flash chromatography on silica gel 

(petroleum ether/ethyl acetate 3/2) afforded pure compound in 13% yield. 

 

Synthesis of 8-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)octanoic acid CTRL2 
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8-Aminooctanoic acid (100 mg, 0.63 mmol) was dissolved in ethanol (2 mL) and sodium 

bicarbonate (211 mg, 2.51 mmol) was added. Reaction mixture was stirred in pressure tube at 

70 °C for 30 minutes. Subsequently, reaction mixture was cooled down, 4-chloro-7-

nitrobenzofurazan (75 mg, 0.38 mmol) was added and stirring was continued at room 

temperature for 2 h. Subsequently, the reaction mixture was cooled down to 0 °C and acidified 

with 1 M potassium bisulfate solution to pH = 6. The resulting mixture was extracted with ethyl 

acetate (3 × 20 mL). The combined organic extracts were washed with brine (2 × 10 mL). 

Drying with sodium sulfate, filtration and evaporation of the solvent under reduced pressure 

and the purification of the residue by flash chromatography on silica gel (ethyl acetate/methanol 

25/1), afforded pure compound in 12% yield. 

 

Spectral data of compounds 3a-d, 4a-f, FL1-6 and CTRL1-2 

 

Methyl 3-(5-((tert-butoxycarbonyl)amino)-1-methoxy-1-oxopentan-2-yl)-1H-indole-1-

carboxylate 3a 

Colourless oil, yield 44%, Rf = 0.23 (petroleum ether/ethyl acetate 4/1). 1H NMR (500 MHz, 

CDCl3): δ 1.42 (9H, s, (CH3)3), 1.52 (2H, p, J = 7.4 Hz, CH2), 1.88-1.97 (1H, m, CHαHβ), 2.10-

2.17 (1H, m, CHαHβ), 3.00-3.20 (2H, m, CH2), 3.67 (3H, s, OCH3), 3.83 (1H, t, J = 7.5 Hz, 

CH), 4.02 (3H, s, OCH3), 4.40-4.63 (1H, br s, NH), 7.23-7.27 (1H, m, CH), 7.34 (1H, t, J = 7.8 

Hz, CH), 7.56 (1H, s, CH), 7.61 (1H, d, J = 7.9, CH), 8.14-8.21 (1H, br s, CH). 13C NMR (125 

MHz, CDCl3): δ 28.1 (CH2), 28.4 ((CH3)3), 29.3 (CH2), 40.1 (CH2), 42.2 (CH), 52.2 (OCH3), 

53.8 (OCH3), 79.1 (C), 115.3 (CH), 119.0 (C), 119.4 (CH), 123.0 (CH), 123.2 (CH), 124.9 

(CH), 129.3 (C), 135.6 (C), 151.3 (C), 156.0 (C), 173.9 (C). MS (ES, pos. mode): m/z (%): 

305.19 (M + H+ - Boc, 100). 

 

Methyl 3-(6-((tert-butoxycarbonyl)amino)-1-methoxy-1-oxohexan-2-yl)-1H-indole-1-

carboxylate 3b 

Colourless oil, yield 19%, Rf = 0.30 (petroleum ether/ethyl acetate 4/1). 1H NMR (500 MHz, 

CDCl3): δ 1.32-1.45 (11H, m, CH2, (CH3)3), 1.51 (2H, p, J = 7.4 Hz, CH2), 1.88-1.97 (1H, m, 

CHαHβ), 2.09-2.18 (1H, m, CHαHβ), 3.05-3.12 (2H, m, CH2), 3.68 (3H, s, OCH3), 3.80 (1H, t, 

J = 7.6 Hz, CH), 4.03 (3H, s, OCH3), 4.40-4.56 (1H, br s, NH), 7.24-7.28 (1H, m, CH), 7.32-

7.37 (1H, m, CH), 7.55 (1H, s, CH), 7.60 (1H, d, J = 7.6 Hz, CH), 8.18 (1H, s, CH). 13C NMR 

(125 MHz, CDCl3): δ 25.0 (CH2), 28.5 ((CH3)3), 30.0 (CH2), 32.0 (CH2), 40.4 (CH2), 42.7 (CH), 

52.3 (OCH3), 53.9 (OCH3), 79.1 (C), 115.3 (CH) 119.3 (C), 119.5 (CH), 123.1 (2 × CH), 125.0 
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(CH), 129.5 (C), 135.6 (C), 151.4 (C), 156.0 (C), 174.1 (C). MS (ES, pos. mode): m/z (%): 

319.26 (M + H+ - Boc, 100). 

 

Methyl 3-(7-((tert-butoxycarbonyl)amino)-1-methoxy-1-oxoheptan-2-yl)-1H-indole-1-

carboxylate 3c 

Colourless oil, yield 48%, Rf = 0.20 (petroleum ether/ethyl acetate 4/1). 1H NMR (500 MHz, 

CDCl3): δ 1.31-1.37 (4H, m, 2 × CH2), 1.40-1.48 (11H, m, CH2, (CH3)3), 1.85-1.94 (1H, m, 

CHαHβ), 2.07-2.17 (1H, m, CHαHβ), 3.07 (2H, t, J = 7.0 Hz, CH2), 3.67 (3H, s, OCH3), 3.79 

(1H, t, J = 7.6 Hz, CH), 4.02 (3H, s, OCH3), 4.38-4.64 (1H, br s, NH), 7.23-7.28 (1H, m, CH), 

7.34 (1H, t, J = 7.8 Hz, CH), 7.55 (1H, s, CH), 7.60 (1H, d, J = 7.9 Hz, CH), 8.17 (1H, s, CH). 

13C NMR (125 MHz, CDCl3): δ 26.6 (CH2), 27.4 (CH2), 28.5 ((CH3)3), 30.0 (CH2), 32.2 (CH2), 

40.6 (CH2), 42.6 (CH), 52.2 (OCH3), 53.9 (OCH3), 79.2 (C), 115.4 (CH), 119.41 (C), 119.43 

(CH), 123.1 (2 × CH), 124.9 (CH), 129.5 (C), 135.6 (C), 151.4 (C), 156.1 (C), 174.2 (C). MS 

(ES, pos. mode): m/z (%): 333.26 (M + H+ - Boc, 100). 

 

Methyl 3-(8-((tert-butoxycarbonyl)amino)-1-methoxy-1-oxooctan-2-yl)-1H-indole-1-

carboxylate 3d 

Previously described by Hayashi et al. (Hayashi et al. 2012). Obtained spectroscopic data 

matches published data. Colourless oil, yield 46%, Rf = 0.19 (petroleum ether/ethyl acetate 4/1). 

MS (ES, pos. mode): m/z (%): 347.26 (M + H+ - Boc, 100). 

 

Methyl 3-(1-methoxy-5-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-oxopentan-2-yl)-1H-

indole-1-carboxylate 4a 

Red oil, yield 57%, Rf = 0.56 (petroleum ether/ethyl acetate 1/1). 1H NMR (500 MHz, CDCl3): 

δ 1.82-1.89 (2H, m, CH2), 2.06-2.15 (1H, m, CHαHβ), 2.26-2.35 (1H, m, CHαHβ), 3.47-3.53 

(2H, m, CH2), 3.69 (3H, s, OCH3), 3.88 (1H, t, J = 7.5 Hz, CH), 4.02 (3H, s, OCH3), 6.05 (1H, 

d, J = 8.6 Hz, CH), 6.53-6.60 (1H, br s, NH), 7.22 (1H, t, J = 7.6 Hz, CH), 7.32 (1H, t, J = 7.8 

Hz, CH), 7.54-7.58 (2H, m, 2 × CH), 8.12 (1H, s, CH), 8.39 (1H, d, J = 8.6 Hz, CH). 13C NMR 

(125 MHz, CDCl3): δ 26.3 (CH2), 29.1 (CH2), 42.2 (CH), 43.7 (CH2), 52.5 (OCH3), 54.0 

(OCH3), 98.7 (CH), 115.4 (CH), 118.5 (C), 119.2 (CH), 123.2 (CH), 123.4 (CH), 123.7 (C), 

125.1 (CH), 129.1 (C), 135.5 (C), 136.6 (CH), 143.85 (C), 143.94 (C), 144.2 (C), 151.3 (C), 

173.7 (C). MS (ES, pos. mode): m/z (%): 468.24 (M + H+, 100). 
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Methyl 3-(1-methoxy-6-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-oxohexan-2-yl)-1H-

indole-1-carboxylate 4b 

Red oil, yield 61%, Rf = 0.66 (petroleum ether/ethyl acetate 1/1). 1H NMR (500 MHz, CDCl3): 

δ 1.48-1.56 (2H, m, CH2), 1.84 (2H, p, J = 7.3 Hz, CH2), 1.96-2.06 (1H, m, CHαHβ), 2.17-2.28 

(1H, m, CHαHβ), 3.43-3.51 (2H, m, CH2), 3.68 (3H, s, OCH3), 3.84 (1H, t, J = 7.6 Hz, CH), 

4.03 (3H, s, OCH3), 6.10 (1H, d, J = 8.6 Hz, CH), 6.25-6.34 (1H, br s, NH), 7.24 (1H, t, J = 7.6 

Hz, CH), 7.33 (1H, t, J = 7.8 Hz, CH), 7.54-7.60 (2H, m, 2 × CH), 8.14 (1H, s, CH), 8.44 (1H, 

d, J = 10.1 Hz, CH). 13C NMR (125 MHz, CDCl3): δ 25.0 (CH2), 28.2 (CH2), 31.5 (CH2), 42.5 

(CH), 43.7 (CH2), 52.4 (OCH3), 54.0 (OCH3), 98.7 (CH), 115.5 (CH), 118.8 (C), 119.3 (CH), 

123.2 (CH) 123.3 (CH), 124.1 (C), 125.1 (CH), 129.3 (C), 135.6 (C), 136.6 (CH), 143.8 (C), 

144.0 (C), 144.3 (C), 151.4 (C), 174.0 (C). MS (ES, pos. mode): m/z (%): 482.24 (M + H+, 

100). 

 

Methyl 3-(1-methoxy-7-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-oxoheptan-2-yl)-1H-

indole-1-carboxylate 4c 

Red oil, yield 71%, Rf = 0.68 (petroleum ether/ethyl acetate 1/1). 1H NMR (500 MHz, CDCl3): 

δ 1.39-1.46 (2H, m, CH2), 1.47-1.55 (2H, m, CH2), 1.80 (2H, p, J = 7.3 Hz, CH2), 1.90-1.99 

(1H, m, CHαHβ), 2.12-2.21 (1H, m, CHαHβ), 3.41-3.49 (2H, m, CH2), 3.68 (3H, s, OCH3), 3.81 

(1H, t, J = 7.0 Hz, CH), 4.02 (3H, s, OCH3), 6.11 (1H, d, J = 8.6 Hz, CH), 6.30-6.43 (1H, br s, 

NH), 7.22-7.25 (1H, m, CH), 7.33 (1H, t, J = 7.6 Hz, CH), 7.55 (1H, s, CH), 7.59 (1H, d, J = 

7.6, CH), 8.15 (1H, s, CH), 8.43 (1H, d, J = 8.6 Hz, CH). 13C NMR (125 MHz, CDCl3): δ 26.7 

(CH2), 27.3 (CH2), 28.3 (CH2), 31.9 (CH2), 42.6 (CH), 43.9 (CH2), 52.4 (OCH3), 54.0 (OCH3), 

98.7 (CH), 115.4 (CH), 119.1 (C), 119.4 (CH), 123.1 (CH), 123.2 (CH), 123.9 (C), 125.0 (CH), 

129.4 (C), 135.5 (C), 136.7 (CH), 144.0 (C), 144.1 (C), 144.3 (C), 151.4 (C), 174.1 (C). MS 

(ES, pos. mode): m/z (%): 496.24 (M + H+, 100). 

 

Methyl 3-(1-methoxy-8-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-1-oxooctan-2-yl)-1H-

indole-1-carboxylate 4d 

Red oil, yield 77%, Rf = 0.68 (petroleum ether/ethyl acetate 1/1). 1H NMR (500 MHz, CDCl3): 

δ 1.32-1.49 (6H, m, 3 × CH2), 1.77 (2H, p, J = 7.2 Hz, CH2), 1.87-1.96 (1H, m, CHαHβ), 2.09-

2.17 (1H, m, CHαHβ), 3.40-3.49 (2H, m, CH2), 3.67 (3H, s, OCH3), 3.80 (1H, t, J = 7.5 Hz, 

CH), 4.01 (3H, s, OCH3), 6.11 (1H, d, J = 8.6 Hz, CH), 6.45-6.53 (1H, br s, NH), 7.23 (1H, t, 

J = 7.6 Hz, CH), 7.31 (1H, t, J = 7.8 Hz, CH), 7.54 (1H, s, CH), 7.58 (1H, d, J = 7.9, CH), 8.13 

(1H, s, CH), 8.43 (1H, d, J = 8.6 Hz, CH). 13C NMR (125 MHz, CDCl3): δ 26.7 (CH2), 27.5 
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(CH2), 28.4 (CH2), 29.0 (CH2), 32.0 (CH2), 42.6 (CH), 44.0 (CH2), 52.3 (OCH3), 54.0 (OCH3), 

98.6 (CH), 115.3 (CH), 119.3 (C), 119.4 (CH), 123.0 (CH), 123.1 (CH), 123.6 (C), 124.9 (CH), 

129.5 (C), 135.5 (C), 136.7 (CH), 143.9 (C), 144.1 (C), 144.3 (C), 151.4 (C), 174.2 (C). MS 

(ES, pos. mode): m/z (%): 510.32 (M + H+, 100). 

 

Methyl 3-(6-((5-(dimethylamino)naphthalene)-1-sulfonamido)-1-methoxy-1-oxohexan-2-yl)-

1H-indole-1-carboxylate 4e 

Light blue oil, yield 27%, Rf = 0.68 (petroleum ether/ethyl acetate 1/1). 1H NMR (500 MHz, 

DMSO-d6): δ 1.05-1.13 (2H, m, CH2), 1.23-1.33 (2H, m, CH2), 1.56-1.65 (1H, m, CHαHβ), 

1.74-1.83 (1H, m, CHαHβ), 2.73 (2H, q, J = 6.4 Hz, CH2), 2.79 (6H, s, (CH3)2), 3.56 (3H, s, 

CH3), 3.68 (1H, t, J = 7.6 Hz, CH), 3.98 (3H, s, CH3), 7.21-7.28 (2H, m, 2 × CH), 7.35 (1H, t, 

J = 7.3 Hz, CH), 7.52-7.61 (4H, m, 4 × CH), 7.88 (1H, t, J = 5.7 Hz, NH), 8.05-8.11 (2H, m, 2 

× CH), 8.27 (1H, d, J = 8.9 Hz, CH), 8.43 (1H, d, J = 8.6 Hz, CH). 13C NMR (125 MHz, DMSO-

d6): δ 24.0 (CH2), 28.7 (CH2), 30.9 (CH2), 41.5 (CH), 42.1 (CH2), 45.1 (2 × CH3), 51.9 (CH3), 

54.2 (CH3), 114.8 (CH), 115.1 (CH), 118.8 (C), 119.2 (CH), 119.6 (CH), 123.0 (CH), 123.1 

(CH), 123.6 (CH), 124.8 (CH), 127.8 (CH), 128.3 (CH), 128.9 (C), 129.0 (C), 129.1 (C), 129.4 

(CH), 134.8 (C), 136.1 (C), 150.7 (C), 151.3 (C), 173.4 (C). MS (ES, pos. mode): m/z (%): 

552.42 (M + H+, 100). 

 

Methyl 3-(8-((5-(dimethylamino)naphthalene)-1-sulfonamido)-1-methoxy-1-oxooctan-2-yl)-

1H-indole-1-carboxylate 4f 

Light blue oil, yield 31%, Rf = 0.75 (petroleum ether/ethyl acetate 1/1). 1H NMR (400 MHz, 

DMSO-d6): δ 0.96-1.06 (6H, m, 3 × CH2), 1.14-1.26 (2H, m, CH2), 1.63-1.75 (1H, m, CHαHβ), 

1.82-1.94 (1H, m, CHαHβ), 2.74 (2H, q, J = 6.2 Hz, CH2), 2.79 (6H, s, (CH3)2), 3.58 (3H, s, 

CH3), 3.84 (1H, t, J = 7.3 Hz, CH), 3.99 (3H, s, CH3), 7.19 (1H, d, J = 7.8 Hz, CH), 7.27 (1H, 

t, J = 7.3 Hz, CH), 7.36 (1H, t, J = 7.6 Hz, CH), 7.50-7.63 (4H, m, 4 × CH), 7.85 (1H, t, J = 5.4 

Hz, NH), 8.04 (2H, m, 2 × CH), 8.28 (1H, d, J = 8.8 Hz, CH), 8.42 (1H, d, J = 8.3 Hz, CH). 13C 

NMR (100 MHz, DMSO-d6): δ 25.6 (CH2), 26.8 (CH2), 28.1 (CH2), 28.9 (CH2), 31.4 (CH2), 

41.6 (CH), 42.2 (CH2), 45.0 (2 × CH3), 51.9 (CH3), 54.2 (CH3), 114.8 (CH), 115.0 (CH), 119.0 

(C), 119.2 (CH), 119.6 (CH), 123.0 (CH), 123.1 (CH), 123.6 (CH), 124.8 (CH), 127.7 (CH), 

128.3 (CH), 128.99 (C), 129.03 (C), 129.1 (C), 129.3 (CH), 134.9 (C), 136.2 (C), 150.7 (C), 

151.3 (C), 173.5 (C). MS (ES, pos. mode): m/z (%): 580,33 (M + H+, 100). 

 

2-(1H-Indol-3-yl)-5-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)pentanoic acid FL1 
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Red solid, yield 52%, Rf = 0.19 (dichloromethane/acetone 25/1). 1H NMR (500 MHz, DMSO-

d6): δ 1.62-1.73 (2H, m, CH2), 1.91-2.00 (1H, m, CHαHβ), 2.07-2.18 (1H, m, CHαHβ), 3.42-3.51 

(2H, m, CH2), 3.79 (1H, t, J = 7.5 Hz, CH), 6.30 (1H, d, J = 8.6 Hz, CH), 6.92 (1H, t, J = 7.5 

Hz, CH), 7.04 (1H, t, J = 7.3 Hz, CH), 7.22 (1H, s, CH), 7.32 (1H, d, J = 7.9 Hz, CH), 7.57 

(1H, d, J = 7.9 Hz, CH), 8.43 (1H, d, J = 8.9 Hz, CH), 9.24-10.00 (1H, br s, NH), 10.83-11.05 

(1H, br s, NH), 11.78-12.47 (1H, br s, OH). 13C NMR (125 MHz, DMSO-d6): δ 25.8 (CH2), 

29.2 (CH2), 42.1 (CH), 43.1 (CH2), 99.1 (CH), 111.5 (CH), 112.3 (C), 118.4 (CH), 118.9 (CH), 

120.5 (C), 121.0 (CH), 123.1 (CH), 126.3 (C), 136.2 (C), 137.8 (CH), 144.2 (C), 144.4 (C), 

145.1 (C), 175.3 (C). MS (ES, neg. mode): m/z (%): 394.33 (M - H-, 100). 

 

2-(1H-Indol-3-yl)-6-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)hexanoic acid FL2 

Red solid, yield 28%, Rf = 0.14 (dichloromethane/acetone 5/0.2). 1H NMR (500 MHz, DMSO-

d6): δ 1.33-1.46 (2H, m, CH2), 1.67-1.76 (2H, m, CH2), 1.79-1.88 (1H, m, CHαHβ), 2.03-2.12 

(1H, m, CHαHβ), 3.39-3.49 (2H, m, CH2), 3.72 (1H, t, J = 7.5 Hz, CH), 6.37 (1H, d, J = 8.9 Hz, 

CH), 6.93 (1H, t, J = 7.5 Hz, CH), 7.04 (1H, t, J = 7.5 Hz, CH), 7.20 (1H, d, J = 2.1 Hz, CH), 

7.32 (1H, d, J = 7.9 Hz, CH), 7.55 (1H, d, J = 7.9 Hz, CH), 8.47 (1H, d, J = 8.6 Hz, CH), 9.22-

9.97 (1H, br s, NH), 10.89-10.96 (1H, br s, NH), 11.80-12.51 (1H, br s, OH). 13C NMR (125 

MHz, DMSO-d6): δ 24.8 (CH2), 27.5 (CH2), 31.8 (CH2), 42.5 (CH), 43.3 (CH2), 99.2 (CH), 

111.4 (CH), 112.7 (C), 118.4 (CH), 118.8 (CH), 120.4 (C), 121.0 (CH), 122.9 (CH), 126.3 (C), 

136.2 (C), 137.9 (CH), 144.2 (C), 144.5 (C), 145.2 (C), 175.5 (C). MS (ES, neg. mode): m/z 

(%): 408.35 (M - H-, 100). 

 

2-(1H-Indol-3-yl)-7-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)heptanoic acid FL3  

Red solid, yield 49%, Rf = 0.33 (dichloromethane/acetone 5/0.4). 1H NMR (500 MHz, DMSO-

d6): δ 1.29-1.44 (4H, m, 2 × CH2), 1.62-1.69 (2H, m, CH2), 1.74-1.85 (1H, m, CHαHβ), 1.97-

2.10 (1H, m, CHαHβ), 3.39-3.49 (2H, m, CH2), 3.71 (1H, t, J = 7.5 Hz, CH), 6.37 (1H, d, J = 

8.9 Hz, CH), 6.94 (1H, t, J = 7.5 Hz, CH), 7.05 (1H, t, J = 7.5 Hz, CH), 7.19 (1H, d, J = 2.1 Hz, 

CH), 7.33 (1H, d, J = 8.3 Hz, CH), 7.55 (1H, d, J = 7.9 Hz, CH), 8.49 (1H, d, J = 8.6 Hz, CH), 

9.48-9.61 (1H, br s, NH), 10.86-10.97 (1H, br s, NH), 12.02-12.21 (1H, br s, OH). 13C NMR 

(125 MHz, DMSO-d6): δ 26.2 (CH2), 26.9 (CH2), 27.5 (CH2), 32.0 (CH2), 42.4 (CH), 43.3 

(CH2), 99.1 (CH), 111.5 (CH), 112.8 (C), 118.4 (CH), 118.8 (CH), 120.5 (C), 121.0 (CH), 122.8 

(CH), 126.3 (C), 136.2 (C), 138.0 (CH), 144.2 (C), 144.4 (C), 145.2 (C), 175.5 (C). MS (ES, 

neg. mode): m/z (%): 422.38 (M - H-, 100). 
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2-(1H-Indol-3-yl)-8-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)octanoic acid FL4 

Red solid, yield 36%, Rf = 0.52 (dichloromethane/acetone 4/0.4). 1H NMR (500 MHz, DMSO-

d6): δ 1.23-1.34 (6H, m, 3 × CH2), 1.60-1.70 (2H, m, CH2), 1.75-1.82 (1H, m, CHαHβ), 1.99-

2.06 (1H, m, CHαHβ), 3.39-3.48 (2H, m, CH2), 3.70 (1H, t, J = 7.5 Hz, CH), 6.38 (1H, d, J = 

8.9 Hz, CH), 6.95 (1H, t, J = 7.5 Hz, CH), 7.05 (1H, t, J = 7.3 Hz, CH), 7.19 (1H, d, J = 2.1 Hz, 

CH), 7.33 (1H, d, J = 7.9 Hz, CH), 7.56 (1H, d, J = 7.9 Hz, CH), 8.49 (1H, d, J = 8.9 Hz, CH), 

9.49-9.61 (1H, br s, NH), 10.85-10.98 (1H, br s, NH), 12.03-12.15 (1H, br s, OH). 13C NMR 

(125 MHz, DMSO-d6): δ 26.3 (CH2), 27.2 (CH2), 27.6 (CH2), 28.5 (CH2), 32.1 (CH2), 42.5 

(CH), 43.3 (CH2), 99.1 (CH), 111.5 (CH), 112.9 (C), 118.4 (CH), 118.8 (CH), 120.4 (C), 121.0 

(CH), 122.8 (CH), 126.3 (C), 136.2 (C), 138.0 (CH), 144.2 (C), 144.5 (C), 145.2 (C), 175.5 (C). 

MS (ES, neg. mode): m/z (%): 436.31 (M - H-, 100). 

 

6-((5-(Dimethylamino)naphthalene)-1-sulfonamido)-2-(1H-indol-3-yl)hexanoic acid FL5 

Light blue solid, yield 31%, Rf = 0.23 (dichloromethane/acetone 4.75/0.25). 1H NMR (500 

MHz, DMSO-d6): δ 1.10-1.15 (2H, m, CH2), 1.24-1.33 (2H, m, CH2), 1.50-1.59 (1H, m, 

CHαHβ), 1.76-1.85 (1H, m, CHαHβ), 2.73 (2H, q, J = 6.4 Hz, CH2), 2.80 (6H, s, (CH3)2), 3.50 

(1H, t, J = 7.6 Hz, CH), 6.95 (1H, t, J = 7.5 Hz, CH), 7.05 (1H, t, J = 7.5 Hz, CH), 7.11 (1H, d, 

J = 2.5 Hz, CH), 7.23 (1H, d, J = 7.0 Hz, CH), 7.32 (1H, d, J = 8.0 Hz, CH), 7.50 (1H, d, J = 

7.9 Hz, CH), 7.55-7.61 (2H, m, 2 × CH), 7.88 (1H, t, J = 5.8 Hz, NH),  8.07 (1H, d, J = 7.3 Hz, 

CH), 8.28 (1H, d, J = 8.6 Hz,  CH), 8.43 (1H, d, J = 8.6 Hz, CH), 10.89-10.92 (1H, br s, NH), 

11.89-12.35 (1H, br s, OH). 13C NMR (125 MHz, DMSO-d6): δ 24.3 (CH2), 29.0 (CH2), 31.6 

(CH2), 42.3 (CH2), 42.4 (CH), 45.0 (2 × CH3), 111.4 (CH), 112.8 (C), 115.1 (CH), 118.4 (CH), 

118.8 (CH), 119.1 (CH), 120.9 (CH), 122.7 (CH), 123.6 (CH), 126.3 (C), 127.7 (CH), 128.2 

(CH), 129.0 (C), 129.1 (C), 129.3 (CH), 136.1 (C), 136.2 (C), 151.3 (C), 175.4 (C). MS (ES, 

pos. mode): m/z (%): 480.40 (M + H+, 100). 

 

8-((5-(Dimethylamino)naphthalene)-1-sulfonamido)-2-(1H-indol-3-yl)octanoic acid FL6 

Light blue solid, yield 43%, Rf = 0.52 (dichloromethane/acetone 10/1). 1H NMR (500 MHz, 

DMSO-d6): δ 0.93-1.02 (6H, m, 3 × CH2), 1.14-1.19 (2H, m, CH2), 1.58-1.67 (1H, m, CHαHβ), 

1.83-1.93 (1H, m, CHαHβ), 2.74 (2H, q, J = 6.4 Hz, CH2), 2.80 (6H, s, (CH3)2), 3.61 (1H, t, J = 

7.5 Hz, CH), 6.96 (1H, t, J = 7.8 Hz, CH), 7.06 (1H, t, J = 7.5 Hz, CH), 7.16 (1H, d, J = 2.5 Hz, 

CH), 7.21 (1H, d, J = 7.3 Hz, CH), 7.34 (1H, d, J = 8.3 Hz, CH), 7.52-7.61 (3H, m, 3 × CH), 

7.85 (1H, t, J = 5.7 Hz, NH),  8.08 (1H, d, J = 8.6 Hz, CH), 8.28 (1H, d, J = 8.9 Hz, CH), 8.43 

(1H, d, J = 8.6 Hz, CH), 10.90-10.95 (1H, br s, NH), 11.94-12.24 (1H, br s, OH). 13C NMR 
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(125 MHz, DMSO-d6): δ 25.8 (CH2), 27.2 (CH2), 28.3 (CH2), 28.9 (CH2), 32.1 (CH2), 42.3 

(CH2), 42.6 (CH), 45.1 (2 × CH3), 111.5 (CH), 112.9 (C), 115.1 (CH), 118.4 (CH), 118.9 (CH), 

119.2 (CH), 121.0 (CH), 122.8 (CH), 123.6 (CH), 126.4 (C), 127.8 (CH), 128.3 (CH), 129.0 

(C), 129.1 (C), 129.3 (CH), 136.19 (C), 136.21 (C), 151.3 (C), 175.5 (C). MS (ES, pos. mode): 

m/z (%): 508.35 (M + H+, 100). 

 

N-Hexyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine CTRL1  

Red solid, yield 13%, Rf = 0.30 (petroleum ether/ethyl acetate 9/1). 1H NMR (500 MHz, 

DMSO-d6): δ 0.84-0.90 (3H, m, CH3), 1.26-1.32 (4H, m, 2 × CH2), 1.33-1.42 (2H, m, CH2), 

1.67 (2H, p, J = 7.3 Hz, CH2), 3.43-3.50 (2H, m, CH2), 6.42 (1H, d, J = 8.9 Hz, CH), 8.51 (1H, 

d, J = 8.9 Hz, CH), 9.53-9.59 (1H, br s, NH). 13C NMR (125 MHz, DMSO-d6): δ 13.9 (CH3), 

22.1 (CH2), 26.1 (CH2), 27.6 (CH2), 30.9 (CH2), 43.4 (CH2), 99.1 (CH), 120.5 (C), 138.0 (CH), 

144.2 (C), 144.5 (C), 145.2 (C). MS (ES, pos. mode): m/z (%): 265.14 (M + H+, 100). 

 

8-((7-Nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)octanoic acid CTRL2 

Red solid, yield 12%, Rf = 0.36 (petroleum ether/ethyl acetate 1/4). 1H NMR (500 MHz, 

DMSO-d6): δ 1.19-1.32 (6H, m, 3 × CH2), 1.48 (2H, p, J = 7.3  CH2), 1.66 (2H, p, J = 7.3 Hz, 

CH2), 2.15 (2H, t, J = 7.3 Hz, CH2), 3.37-3.47 (2H, m, CH2), 6.37 (1H, d, J = 9.2 Hz, CH), 8.47 

(1H, d, J = 8.9 Hz, CH), 9.49-9.59 (1H, br s, NH), 11.91-12.01 (1H, br s, OH). 13C NMR (125 

MHz, DMSO-d6): δ 24.4 (CH2), 26.3 (CH2), 27.6 (CH2), 28.4 (CH2), 28.5 (CH2), 33.6 (CH2), 

43.4 (CH2), 99.1 (CH), 120.5 (C), 138.1 (CH), 144.2(C), 144.5 (C), 145.2 (C), 174.6 (C). MS 

(ES, pos. mode): m/z (%): 323.22 (M + H+, 100). 
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Supplementary Table S1. Conditions of UHPLC-MRM-MS method. Diagnostic MRM transitions and collision energies 

(CE) were optimised for compounds. In addition, retention time (RT) and limit of detection (LOD) were also measured. 

Analytes were detected by the triple quadrupole mass spectrometer Xevo™ TQ MS in the positive mode using these optimized 

conditions: source/desolvation temperature 150/600 °C; cone/desolvation gas flow, 150/1000 L/h; capillary voltage, 1 kV; cone 

voltage, 20 V; collision gas flow, 0.14 mL/min. 

Analyte 
MRM transition 

CE (V) Retention time (min) LOD (fmol) Linear range (pmol) 
quantifier qualifier 

CTRL1 265.2 > 118.7 265.2 > 231.0 26 3.9 10 10-2  - 100 

CTRL2 323.3 > 148.0  20 2.2 1 10-3  - 100 

FL4 438.1 > 130.2  20 3.5 1 10-2  - 100 

FL5 480.6 > 184.0 480.6 > 436.0 22 3.5 1 10-2  - 100 

FL6 508.6 > 462.0 508.6 >234.0 18 4.1 1 10-3  - 100 

 

 

Supplementary Table S2. Liquid-liquid extraction efficiency of fluorescently labeled auxins. To the ≈10 mg of seven-

days-old Arabidopsis thaliana seedlings, 1 nmol of FL4-6, CTRL1 and CTRL2 was added and samples were then processed 

by the LLE. External calibration curve was prepared, recovery factor was calculated from measured analytes levels after LLE, 

and finally applied for normalization of quantitative determination of each compound shown in Figure 7 and Supplementary 

Figure S1. 

Analyte 
Concentration Recovery 

Recovery factor 
(pmol) MEAN ± S.D. (pmol) MEAN ± S.D. (%) 

CTRL1 

242.97 

252.40 ± 8.96 25.24 ± 0.90 3.96 249.78 

264.44 

CTRL2 

461.47 

476.87 ± 16.48 47.69 ± 1.65 2.10 469.41 

499.72 

FL4 

699.22 

896.55 ± 139.65 89.66 ± 13.97 1.12 988.25 

1002.19 

FL5 

680.77 

784.74 ± 73.57 78.47 ± 7.36 1.27 833.30 

840.16 

FL6 

391.42 

479.41 ± 65.89 47.94 ± 6.59 2.09 496.87 

549.96 

 

 

Supplementary Table S3. Fundamental absorption and fluorescence characteristics of compounds FL4-FL6. 

Compound λabs (nm) λem (nm) SS (nm) εmax (M-1cm-1) QY 

FL4 467 531 64 27200 0.291 

FL5 336 519 183 4400 0.253 

FL6 331 520 189 1700 0.257 

SS – Stokes shift, εmax – maximum molar extinction coefficient, QY – fluorescence quantum yield 
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Supplementary Figure S1. Time dependent concentration dynamics of compounds FL4, FL5 and FL6 in Arabidopsis 

thaliana plants. Five-day-old Arabidopsis thaliana seedlings were fed with FL4, FL5 or FL6 at 10 µM concentration. Samples 

were harvested after 1, 3 and 6 h. Values are means nmol/g FW ± S.D. from five biological replicates.  
 

 

 

Supplementary Figure S2. The effect of compounds FL4, FL5 and FL6 on primary root growth and elongation of 

hypocotyl segments in DR5::LUC transgenic plants of Arabidopsis thaliana. Five-day-old seedlings were transferred to 

plates with media containing 0.3% DMSO as a blank control, 0.1 µM IAA as positive control or 10 μM FL4, FL5 and FL6 

with 0.1 µM IAA for 6 h. Pictures were taken every 10 min, displayed pictures represent time points at 0 and 360 min (a). 

Hypocotyl segments from 3-day-old dark-grown plants were transferred onto a treatment plate with the depletion medium 

supplemented with 0.3% DMSO as a blank control, 0.5 µM IAA as positive control or 50 μM FL4, FL5 and FL6 with 0.5 µM 

IAA for 3 h. Pictures were taken every 20 min, displayed pictures represent time points at 0 and 180 min (b). Figures were 

chosen as representatives from three independent biological repetitions.  
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Supplementary Figure S3. SPR analysis of the antagonistic effect of auxinole on auxin-induced interaction between 

TIR1 protein and IAA7 degron peptide. The sensorgram shows association followed by dissociation in buffer. Results for 

IAA (5 μM) on TIR1 protein alone (red) and in co-treatment with auxinole in a concentration range (0.7, 1.25, 2.5, 5, 10, 20 

µM) (shades of blue). 

 
 

 

Supplementary Figure S4. Absorption (a, c, e) and emission (b, d, f) spectra of 2 μM solutions of compounds FL4 (a, b), 

FL5 (c, d) and FL6 (e, f) in methanol. 
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Abstract
In situ separation and visualization of synthetic and naturally occurring isomers from heterogeneous plant tissues, especially 
when they share similar molecular structures, are a challenging task. In this study, we combined the ion mobility separation 
with desorption electrospray ionization mass spectrometry imaging (DESI-IM-MSI) to achieve a direct separation and visu-
alization of two synthetic auxin derivatives, auxinole and its structural isomer 4pTb-MeIAA, as well as endogenous auxins 
from Arabidopsis samples. Distinct distribution of these synthetic isomers and endogenous auxins in Arabidopsis primary 
roots and hypocotyls was achieved in the same imaging analysis from both individually treated and cotreated samples. We 
also observed putative metabolites of synthetic auxin derivatives, i.e. auxinole amino acid conjugates and hydrolysed 4pTb-
MeIAA product — 4pTb-IAA, based on their unique drifting ion intensity patterns. Furthermore, DESI-IM-MSI-revealed 
abundance of endogenous auxins and synthetic isomers was validated by liquid chromatography–mass spectrometry (LC-
MS). Our results demonstrate that DESI-IM-MSI could be used as a robust technique for detecting endogenous and exogenous 
isomers and provide a spatiotemporal evaluation of hormonomics profiles in plants.

Keywords  Mass spectrometry imaging · Desorption electrospray ionization · Ion mobility · Auxin · Isomer · Metabolite

Introduction

As a group of small-size molecules, phytohormones are 
widely present in almost all plant tissues and work as 
regulation centres of plant homeostasis [1]. Since the first 
phytohormone indole-3-acetic acid (IAA) was discov-
ered, synthetic auxin and other phytohormone derivatives 
have been developed to mimic their molecular structure 
and action, which are frequently applied in agriculture 
and plant physiology studies [2, 3]. Analogously to their 

natural counterparts, the majority of synthetic plant 
growth regulators are low-molecular-weight compounds 
that work in either synergistic or antagonistic ways in 
complex plant signalling networks [4]. While metabolic 
pathways of natural plant hormones are extensively stud-
ied [5–8], in vivo metabolism of synthetic plant growth 
regulators or other synthetic compounds of biological rel-
evance, which might aid in understanding and harnessing 
their potential, is underexplored. For example, auxinole 
has been developed as an auxin antagonist of TIR1/AFB 
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receptors and is frequently used in auxin-related experi-
ments and other phytohormone research [9]. However, 
direct in situ visualization of auxinole or other synthetic 
auxin derivatives from plant tissues is hardly achieved due 
to limited tracking methods. Currently, the use of reporter 
lines, chemical staining, or labelling are the most prevalent 
methods with advantages of high sensitivity and specificity 
for tracing endogenous and synthetic compounds within 
plant tissues [10, 11]. However, these methods do not 
allow tracking of multiple targets from the same sample 
or distinguishing them after in vivo modifications.

Mass spectrometry (MS) is a high-throughput analytical 
tool used for the identification and quantification of vari-
ous analytes, including peptides, proteins, lipids, polysac-
charides, and synthetic drugs from biological samples [12, 
13]. In the field of plant research, accurate quantification 
of auxins and other phytohormone species based on liquid 
chromatography–mass spectrometry (LC-MS) has been 
established, which can distinguish different amounts of 
endogenous phytohormones and related metabolites from 
various plants, plant organs, and at the level of organelles 
[14–18]. Even more so than in the case of endogenous phy-
tohormones, the characterization of synthetic plant growth 
regulators using chromatography or fragmentation ions can 
be challenging due to very similar elemental composition 
and isomeric structures of the compounds. Additionally, 
in vivo spatial distribution of targeted compounds cannot be 
preserved during LC-MS sample preparation, which makes 
it hard to distinguish analyte origins in plant tissues [19].

Mass spectrometry imaging (MSI) is a staple in lipid-
omics and metabolomics analysis in mammalian or medi-
cal research and has recently emerged as an advanced 
method to map biomolecules and their metabolites in 
plants [20, 21]. The desorption electrospray ionization 
mass spectrometry imaging (DESI-MSI) is an ambient 
ionization technique which enables analysis of hetero-
geneous tissues without destructive sample preparation. 
Compared with other MSI sources, such as matrix-assisted 
laser desorption/ionization (MALDI) and secondary ion 
mass spectrometry (SIMS), DESI overcomes limitations 
associated with signal variation and ion suppression 
caused by the coating of the matrix before MSI analysis 
[22]. Recently, we employed DESI-MSI to successfully 
visualize arguably the most extensively used auxin antago-
nist auxinole and other new anti-auxins from individually 
treated plant samples [23]. However, separation, visuali-
zation, and quantification of two or more isomeric plant 
growth regulators or their derivatives from cotreated sam-
ples have not yet been achieved. Ion mobility (IM) applies 
an extra analytical dimension to separate compounds based 
on their 3D structure using drifting gas which allows accu-
rate evaluation of synthetic and endogenous analytes of 
interest from plant tissues and their separation from other 

structural isomers [24]. For instance, Hou et al. employed 
IM-MSI to reveal unique spatial distribution of lipidomes 
in different nut species [25].

In the present study, travelling wave (T-Wave) ion 
mobility was coupled with DESI-MSI analysis to carry out 
the separation of auxinole and its structural isomer, methyl 
2-(1H-indol-3-yl)-4-oxo-4-p-tolyl-butanoate (4pTb-
MeIAA), from both individually treated and cotreated 
10-day-old Arabidopsis (Col-0) seedlings. We achieved 
accurate separation of auxinole, 4pTb-MeIAA and endog-
enous IAA from their intact positions in Arabidopsis root 
and hypocotyl and further revealed putative auxinole and 
4pTb-MeIAA metabolites, auxinole-Asp and auxinole-Glu 
as well as hydrolysed product 4pTb-IAA. Identification 
of isomers and their metabolites was further confirmed 
using in situ MS/MS fragmentation ions with collision 
cross-section (CCS) value. DESI-IM-MSI detected target 
abundance in different treated groups which was also in 
agreement with LC-MS quantification. These results prove 
that DESI-IM-MSI is an advanced label-free technique 
which can be used for the in situ separation, visualiza-
tion, and characterization of phytohormone derivatives and 
their metabolites in planta.

Materials and methods

Chemicals and analytical standards

4-(2,4-Dimethylphenyl)-2-(1H-indol-3-yl)-4-oxo butanoic 
acid (auxinole) and 2-(1H-indol-3-yl)-4-oxo-4-(p-tolyl)buta-
noic acid (4pTb-IAA) were prepared in accordance to the 
procedure described by Hayashi et al. implementing minor 
modifications described by Žukauskaitė et al. [9, 23]. Syn-
thesis and spectral data of (4-(2,4-dimethylphenyl)-2-(1H-
indol-3-yl)-4-oxobutanoyl)-L-aspartic acid (auxinole-Asp), 
(4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)-
L-glutamic acid (auxinole-Glu) and methyl 2-(1H-indol-3-
yl)-4-oxo-4-(p-tolyl)butanoate (4pTb-MeIAA) are described 
in Supplementary Information (Method S1). Auxin stand-
ards, indole-3-acetic acid (IAA), indole-3-acetyl-L-aspartic 
acid (IAA-Asp), indole-3-acetyl-L-glutamic acid (IAA-
Glu), oxindole-3-acetic acid (oxIAA), oxindole-3-acetyl-L-
aspartic acid (oxIAA-Asp), oxindole-3-acetyl-L-glutamic 
acid (oxIAA-Glu) and oxindole-3-acetyl-β-1-D-glucoside 
(oxIAA-Glc) were obtained from OlChemIm s.r.o. Isotopi-
cally labelled auxin standards were purchased from Cam-
bridge Isotope Laboratories, Inc (Tewksbury, MA). HPLC-
grade acetonitrile (ACN) and ammonia were obtained from 
Merck (Dusseldorf, Germany). HPLC-grade water was 
obtained from a Milli-Q water purification system (Milli-
pore, Watford, UK).
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Preparation of plant samples

Arabidopsis thaliana wild-type ecotype Col-0 seeds were 
sterilized with 70% EtOH with 0.1% Tween-20 solution 
for 10 min (2 ×) and rinsed with 96% EtOH for 10 min. 
After 2 days of stratification (4 °C in the dark), seeds were 
germinated on sterile ½ MS medium (2.2 g/L Murashige 
and Skoog medium, 1% sucrose, 0.7% agar and 0.5 g/L 
MES PUFFERAN, pH 5.6) in long-day light conditions 
(22 °C/20 °C, 16 h light/8 h dark, 100 μmol/s/m2). Ten-
day-old seedlings were transferred to horizontally divided 
heterogeneous media plates containing ½ MS (1.5% agar) 
medium supplemented with 0.05% dimethyl sulfoxide 
(DMSO) and 0.25% acetonitrile (ACN). Synthetic iso-
mers were added individually (10 μM auxinole or 10 μM 
4pTb-MeIAA) or in cotreatment (10 μM auxinole + 10 μM 
4pTb-MeIAA) to the bottom half of the medium, while 
the upper part of the medium was kept untreated (Fig. 1). 
Plates were covered with aluminium foil and kept in a 
growth chamber with long-day light conditions (22 °C/20 
°C, 16 h light/8 h dark, 100 μmol/s/m2) in a vertical posi-
tion. After 24 h, Arabidopsis plants with roughly 5-cm-
long roots were freshly collected and rapidly washed in 
ultrapure water for 10 s to remove the surface medium, 
mounted on Superfrost glass slides (Thermo Fisher Scien-
tific, Waltham, MA, USA) using non-conductive double-
sided tape (Plano GmbH, Wetzlar, Germany) and stored 
in −80 ℃ freezer. Sample slides were dried in a vacuum 
desiccator (Merck), scanned and subjected to DESI-IM-
MSI acquisition.

Standard infusion

Analytical standards were diluted at 0.1–100 pmol/μL, sub-
mitted to the DESI source (Waters, Milford, MA, USA) and 
infused at a flow rate of 3μL/min to Synapt G2-Si MS instru-
ment (Waters, Milford, MA, USA). The MS and MS/MS 
spectra of all standards were acquired using a Synapt G2-Si 
MS instrument coupled to T-wave Ion Mobility (Waters). 
The ion mobility collision cell was optimized in negative 
mode for small analytes ranging from 100 to 600 Da and 
calibrated with poly-DL-alanine (Sigma-Aldrich). Molecular 
structures of standard and major fragment ions of the stand-
ard compounds were identified using MassLynx™ software 
(v4.1, Waters) where targets’ standard masses, drift time and 
major fragmentation ions were recorded. The DriftScope 
(v3.0, Waters) was employed to calibrate drift time (dt) and 
calculate collision cross-section (CCS) values [26].

DESI‑IM‑MSI and DESI‑IM‑MS/MS

The DESI-IM-MSI analysis was achieved by the Synapt 
G2-Si MS coupled with a 2D-DESI source (Waters). The 
spray solvent was delivered at 3 μL/min (80% ACN with 
0.1% ammonia), nebulized with 5–6 Mbps ultrapure nitro-
gen; the DESI source was optimized with an incidence angle 
of 55°, 4 kV capillary voltage, 30 eV cone voltage, scanned 
in 90-μm spatial resolution and 100–600 Da mass range in 
negative mode. Travelling wave ion mobility derived target 
analyte collision cross in N2 with IMS wave velocity 750 
m/s and transfer wave velocity 350 m/s. Acquired ion masses 

Fig. 1   Analytical workflow for in  situ separation and visualization of structural isomers (auxinole and 4pTb-MeIAA) from individually and 
cotreated Arabidopsis via DESI-IM-MSI
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were recalibrated with palmitic acid ([M-H]− 255.2324) 
using MassLynx™ software (v4.1), and their CCS values 
were calibrated using previous infusion standard reference 
in DriftScope v3.0 (Waters). To validate target metabolites, 
in situ IM-MS/MS was performed on the same Arabidopsis 
samples with 5–20 eV collision energy scanning through-
out the regions with high parent ion intensities. The unique 
fragmented ions were picked from standard infusion spectra 
according to their unique masses and drift times.

LC–MS/MS

Arabidopsis samples were prepared as described above. 
After 24 h, treated Arabidopsis plants were rapidly washed 
in ultrapure water for 10 s to remove the surface medium 
and collected into Eppendorf tubes, each of them contain-
ing roughly 10 mg of roots and hypocotyls mixture (10–12 
plants per biological replicate, 5 biological replicates). 
The samples were flash frozen in liquid nitrogen and then 
stored at −80 ℃ before the quantification of isomeric com-
pounds and auxin metabolites. For the auxin profiling, the 
samples were extracted in 1 mL of ice-cold Na-phosphate 
buffer (50 mM, pH 7.0, 4 °C, 0.1% diethyldithiocarbamic 
acid sodium salt) containing a cocktail of labelled stand-
ards and then homogenized in a vibration mill (MM400, 
Retsch GmbH & Co. KG, Haan, Germany). The homog-
enized sample solution was purified using in-tip micro solid-
phase extraction (in-tip μSPE) as described in Pěnčík et al. 
(2018) [27] with modifications from Hladík et al. (2023) 
[28]. For HPLC-MS/MS analysis, 1290 Infinity LC system 
(Agilent Technologies, Santa Clara, CA, USA) and a 6490 
Triple Quadrupole LC-MS system (Agilent Technologies) 
were used. All chromatogpraphic data were then processed 
by Mass Hunter software (Agilent Technologies) where the 
area under the curve (AUC) of the targeted analytes was 
normalized by the weight of the sample and AUC of the 
internal standard and displayed as intensity ratio. Auxinole 
and 4pTb-MeIAA were processed and analysed according 
to the method described in Method S2.

Data analysis

The acquired spectra were recalibrated using the exact mass 
of palmitic acid (m/z 255.2324, dt: 90.0) and peaks within 
20–180 ms drift bins were processed into a peaklist with 
20000 FWHM resolution using HDImaging (Waters). Sub-
sequent analysis was performed using an in house R script, 
where the data were processed for low-intensity removal, 
total ion count (TIC) normalization, drift time alignment 
and raw ion intensity map creation. Tissue-specific regions 
of interest (ROI) and single-charged ions were selected and 
exported from ImageJ (NIH, USA). Peak groups repeatedly 
detected from triplicated datasets were picked for further 

analysis. Peak intensities among different treatments were 
analysed using an unpaired Student’s t-test, which provided 
the mean, standard deviation and statistical significance in 
the bar plots [29]. Ion intensity maps for the peaks of interest 
were generated using the HDImaging (Waters).

Results and discussion

Standard library construction

Deprotonated masses and drift times for targeted isomeric 
compounds (auxinole and 4pTb-MeIAA) and endogenous 
auxin metabolites were acquired by dissolved standard 
infusion in DESI source. Initially, spectra of auxinole and 
4pTb-MeIAA were acquired in both positive and negative 
modes. Isomeric ions acquired in positive ion mobility 
mode showed high noise levels, high limit of detection and 
inseparable drift times in the infusion test. Considering low 
abundance of endogenous auxins and auxin derivatives in 
a single Arabidopsis sample, the following DESI-IM-MSI 
and MS/MS analyses were performed in the negative mode 
that provided significantly higher signal qualities of target 
analytes than in the positive mode. Due to the different ioni-
zation efficiency of target analytes, 80% ACN with 0.1% 
ammonia was chosen as the most suitable spray solvent. 
Normalized intensities in the infusion were linearly corre-
lated with analyte concentrations in the range of 0.1–100 
pmol/μL (Fig. S1). Standard compounds, spotted on a glass 
slide, were introduced into MS for the establishment of a 
standard library with ion masses, drift time and CCS val-
ues in DriftScope (v3.0). In summary, deprotonated ions of 
isomeric compounds auxinole and 4pTb-MeIAA in spray 
solvent were detected at m/z 320.1288, within ± 0.01 Da 
range from the common calculated mass (m/z 320.1292), and 
their drift time (dt) was separated into bins 103.7 and 95.3, 
respectively (Table 1). Meanwhile, polyalanine calibrated 
CCS values for auxinole and 4pTb-MeIAA were 188.0 Å2 
and 179.5 Å2, respectively. The drifting ion information of 
IAA (m/z 174.0557, dt 48.4, CCS 126.5 Å2) and its metabo-
lites oxIAA, IAA-Asp, IAA-Glu, oxIAA-Asp, oxIAA-Glu 
and oxIAA-Glc are also listed in Table 1. Besides, expected 
metabolites of isomeric derivatives, namely, auxinole-aspar-
tate (auxinole-Asp), auxinole-glutamate (auxinole-Glu) and 
4pTb-IAA, i.e. hydrolysed form of 4pTb-MeIAA, were also 
measured with detected masses of m/z 435.1578, 449.1763 
and 306.1078 in infusion test, respectively, and their unique 
ion drift times and CCSs are also highlighted in Table 1.

DESI‑IM‑MSI

DESI-IM-MSI was performed on 24-h treated Arabidopsis 
thaliana (Col-0, 10 days old) plants with 60–70-mm-long 
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sampling regions, consisting of primary root and hypoco-
tyl with the leaves excluded. Isomeric auxin derivatives, 
auxinole and 4pTb-MeIAA (Fig. 2), together with selected 
endogenous auxins were acquired at the m/z 100–600 mass 
range in ion mobility separation.

Raw spectra acquired from control (blank medium), 10 
μM auxinole, 10 μM 4pTb-MeIAA and 10 μM auxinole 
+ 10 μM 4pTb-MeIAA cotreated samples were processed 
into peaks in HDImaging (Waters). Detected peaks were 
recalibrated with their measured masses and drift times 
according to palmitic acid (m/z 255.2324, dt 90.0). Peaks 
with similar m/z values, potentially ionized from the same 
or isomeric compounds, were grouped using density-
based clustering (DBSCAN with an epsilon of 0.003 Da 
and a minimum of 4 ion peaks per group) [30]. Addi-
tionally, singly charged drift ions were manually selected 
from the drift time vs mass plotting results using an in 

house R script. In total, 487 of 5025 peak groups could 
be detected from all triplicated datasets in each treatment 
group with a minimum intensity over 100 arbitrary units, 
within which 347 peaks demonstrated singly charged 
conditions in the drift time plotting separation (Fig. 3a). 
The abundance weighted mean (AWM) of singly charged 
peak group was calculated as the common mass of all 
peaks grouped inside and maximum m/z value difference 
of peak groups was set below 0.01 Da (Table S3). Peak 
groups with more than 4 bin differences in peak drift 
times were assigned as isomeric ions. In total, 435 peak 
groups showed significant differences in peak drift times, 
including the peak group (AWM 320.1273 ± 0.0071) 
where standard masses of auxinole and 4pTb-MeIAA are 
located (Fig. 3b, c). The peak difference of target isomers 
(auxinole and 4pTb-MeIAA), based on mass and drift 
time grouping, is displayed in Table 2.

Table 1   Molecular structures 
and experiment properties of 
isomeric compounds (auxinole 
and 4pTb-MeIAA), their 
modification products and 
auxins detected in DESI-IM-MS 
analysis

1 Deprotonated masses of the compounds were calculated based on their molecular formulas using ACD/
ChemSketch (v2018.12.1)
2 The measured mass of targeted compounds was summarized from the mean intensities collected from 
compound infusion in DESI-IM-MSI analysis
3 The drift time of infusion standards was measured in ion mobility separated using nitrogen gas
4 CCS values of the infusion standards were calibrated with poly-DL-alanine

Targets Molecular formula Calculated 
mass1 [M-H]−

Measured 
mass2 [M-H]−

Drift time3 (bins) Collision 
cross Sect.4 
(Å2)

auxinole C20H19NO3 320.1292 320.1288 103.7 188.0
4pTb-MeIAA C20H19NO3 320.1292 320.1288 95.3 179.5
auxinole-Asp C24H24N2O6 435.1562 435.1578 131.0 212.1
auxinole-Glu C25H26N2O6 449.1718 449.1763 141.4 221.2
4pTb-IAA C19H17NO3 306.1136 306.1078 98.8 183.6
IAA C10H9NO2 174.0557 174.0516 48.4 126.5
oxIAA C10H9NO3 190.0510 190.0491 53.2 132.8
IAA-Asp C14H14N2O5 289.0830 289.0740 80.8 164.1
IAA-Glu C15H16N2O5 303.0935 303.0993 88.6 172.6
oxIAA-Asp C15H18N2O5 305.0779 305.0757 88.1 172.0
oxIAA-Glu C16H20N2O5 319.0936 319.1009 92.0 176.0
oxIAA-Glc C16H19NO8 352.1038 352.1111 99.1 182.9

Fig. 2   Structures of auxinole, 4pTb-MeIAA and their metabolites, namely, auxinole-Asp, auxinole-Glu and 4pTb-IAA
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Visualization of synthetic auxin derivatives 
and endogenous auxins

Split media has been used for decades to study long- and 
short-distance transport and signalling in plants [23, 31, 32]. 
Aiming to characterize targeted isomers within a plant, bot-
tom parts of Arabidopsis roots were cultivated in an agar 
medium containing auxinole and 4pTb-MeIAA for 24 h 
to ensure their uptake, transport and metabolism. The pri-
mary roots and hypocotyls of samples were scanned with 
90-μm spatial resolution. Established drifting ion inten-
sity maps were co-registered with optical images of sam-
ple slides via HDImaging (Waters). The spatial distribu-
tion of auxinole, its isomer 4pTb-MeIAA and endogenous 

IAA from the representative sample is displayed in Fig. 4. 
In situ measured drift times and calculated CCS values of 
the analytes are also shown. In treated plants, drift peaks 
at AWM 320.1273, dt 103.2 matched auxinole standard 
drift time and were only displayed in the lower half of the 
primary root grown in auxinole-treated and auxinole + 
4pTb-MeIAA cotreated medium, which is in agreement 
with our previously published findings [23]. As anticipated, 
auxinole drifting ion peaks were not detected in the roots 
and hypocotyls harvested from control and 4pTb-MeIAA-
treated plants (Fig. 4a). Although isomeric target 4pTb-
MeIAA was grouped with auxinole in the same molecular 
weight, 4pTb-MeIAA (dt 95.2) signal was present not only 
at the bottom part of the primary root but also in the upper 

Fig. 3   Ion mobility mass spectrometry for in situ small-molecule sep-
aration of isomeric compound (auxinole and 4pTb-MeIAA) cotreated 
Arabidopsis samples. a Visualization of drift time plotting of singly 
and multiply charged ions acquired from DESI-IM-MSI, targeted iso-

meric compounds (AWM 320.1273) are circled. b Drift time of iso-
mer peaks identified inside the same peak group and c peak grouping 
using m/z value only

Table 2   Drifting ion peak groups containing targeted compounds in the DESI-IM-MSI analysis of isomer cotreated Arabidopsis samples

1 The standard mass of targeted compounds was acquired from the measurement of 1 pmol/μL standard directly infusion into DESI source
2 Abundant weight mean (AWM) and mass range (R) of each peak group was calculated according to peak mass distribution using in house R 
script
3 Drift time gaps were used to identify peak groups the presenting isomeric ions

Standard mass1 Group AWM2 Minimum m/z Maximum m/z Mass range (R)2 Minimum 
drift time

Maximum 
drift time

Gap of 
drift 
time3

320.1288 320.1273 320.1239 320.1310 0.0071 68.6 103.4 34.8
435.1578 435.1589 435.1501 435.1670 0.0017 81.2 146.0 64.8
449.1763 449.1767 449.1670 449.1856 0.0019 84.9 140.9 56.0
306.1078 306.1113 306.1048 306.1162 0.0118 65.0 99.9 34.9
174.0516 174.0530 174.0457 174.0643 0.0186 50.9 57.7 6.8
190.0491 190.0467 190.0426 190.0507 0.0081 54.1 58.4 4.2
289.0740 289.0736 289.0704 289.0770 0.0066 80.7 86.2 5.5
303.0993 303.0995 303.0973 303.1013 0.0040 87.1 87.6 0.5
305.0757 305.0701 305.0647 305.0760 0.0113 60.8 85.3 24.5
319.1009 319.1059 319.1004 319.1085 0.0081 66.5 111.0 44.5
352.1111 352.1110 352.1081 352.1134 0.0053 67.5 102.7 35.2
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part of root and hypocotyl (Fig. 4b), suggesting that unlike 
auxinole, it is transported to the upper parts of the plant. 
The higher abundance of 4pTb-MeIAA peaks in the upper 
root and hypocotyl was also found in auxinole + 4pTb-
MeIAA cotreated samples, which might be influenced by 
auxinole overaccumulation in the lower parts of the root, 
in turn resulting in a substantial amount of 4pTb-MeIAA 
to be transported and/or passively diffused to the upper 
parts of the plant. Peaks of endogenous phytohormone IAA 
(assigned as AWM 174.0530) were also found in the pri-
mary root of Arabidopsis samples (Fig. 4c). Distinct spatial 
distributions of auxinole and its isomer 4pTb-MeIAA were 
repeatedly observed in triplicated experiments that indicated 
their unique and independent movement within cotreated 
Arabidopsis plants (Fig. S2).

Metabolite visualization

To investigate whether synthetic auxin derivatives, aux-
inole and 4pTb-MeIAA, could be potentially metabolized 
in 24-h treated Arabidopsis plants, unlabelled auxinole-Asp, 
auxinole-Glu and 4pTb-IAA standards were synthesized 
as predicted conjugation and hydrolysis products. In situ 
visualization of predicted metabolites in DESI-IM-MSI 
was performed using peak groups containing their standard 
masses which were used to establish drifting ion intensity 

maps in 10 μM auxinole or 10 μM 4pTb-MeIAA-treated 
and 10 μM auxinole + 10 μM 4pTb-MeIAA cotreated sam-
ples. Furthermore, peaks assigned as amino acid-conjugated 
analogues, auxinole-Asp (AWM 435.1589; dt 131.2) and 
auxinole-Glu (AWM 449.1767; dt 141.0) were highlighted 
in the entire primary root from root tip to mature region after 
auxinole feeding; a similar distribution was also reported 
in the cotreated plant sample (Fig. 5a, b), revealing that 
while auxinole does not get transported to the upper plant 
parts, after conjugation with amino acids, it can be observed 
throughout the entire root. The hydrolysed product of 4pTb-
MeIAA, namely, 4pTb-IAA (m/z 306.1113; dt 99.6), showed 
a high-intensity level across the acquired region from root tip 
to hypocotyl, analogously to its precursor, in 4pTb-MeIAA-
treated plants. On the other hand, 4pTb-IAA peaks were 
barely detectable in the upper plant when cultivated together 
with auxinole (Fig. 5c).

Using infusion standards, primary and secondary metabo-
lites of endogenous IAA, namely, oxIAA, IAA-Asp, IAA-
Glu, oxIAA-Asp, oxIAA-Glu and oxIAA-Glc, were also 
separated from unrelated isomeric background peaks and 
established into drift ion intensity maps. IAA metabo-
lites showed different distribution in Arabidopsis root and 
hypocotyl (Fig. 6). For instance, oxIAA (AWM 190.0467, dt 
53.4) demonstrated a relatively high-intensity level in both, 
hypocotyl and primary root of control and auxinole-treated 

Fig. 4   Drift ion intensity maps of auxinole, its isomer 4pTb-MeIAA 
and endogenous IAA in 24-h treated Arabidopsis using DESI-IM-
MSI. The AWM (Da), R (Da), dt (bin) and CCS (Å2) of target ions 
are also shown. a Spatial distribution of auxinole ions in the primary 
root of 10-μM auxinole-treated and 10 μM auxinole + 10 μM 4pTb-
MeIAA cotreated samples. b Spatial distribution of 4pTb-MeIAA 

ions in root and hypocotyl of 10  μM 4pTb-MeIAA-treated and 
10 μM auxinole + 10 μM 4pTb-MeIAA cotreated samples. c Endog-
enous IAA ion distribution in control, 10 μM auxinole, 10 μM 4pTb-
MeIAA and 10  μM auxinole + 10  μM 4pTb-MeIAA-treated plant 
samples. Scale bar = 5 mm
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plants, in contrast to very low signal in the hypocotyls col-
lected from 4pTb-MeIAA-treated and auxinole + 4pTb-
MeIAA cotreated plants (Fig. 6a). In case of auxin metabo-
lites, namely, IAA-Asp, IAA-Glu, oxIAA-Asp, oxIAA-Glu 
and oxIAA-Glc (AWM of 289.0736, 303.0995, 305.0701, 
319.1059 and 352.1110 and drift time 79.7, 90.4, 88.1, 93.2 
and 101.0, respectively), their peaks were widely present in 
primary roots of untreated Arabidopsis, but their intensity 
levels were significantly decreased in comparison to control 
plants (Fig. 6c–f). Chemical inhibition of the auxin inacti-
vation pathway was reported for kakeimide (KKI), which 
specifically inhibits auxin-conjugating GH3 enzymes [33]. 
It is yet to be investigated if auxinole and/or 4pTb-MeIAA to 
some extent possess such effect. Drifting ion intensity maps 
of replicate samples are shown in Figure S2.

Overall, the application of IM on DESI-MSI analysis 
provided an additional dimension to separate both synthetic 
isomers and auxin metabolites from the interferences of 
endogenous compounds and background peaks, while the 
presence of drift time and CCS values of detected molecules 
provides confident molecular identifications in the MSI data.

In situ IM‑MS/MS validation

To validate the drifting ions of auxinole, 4pTb-MeIAA 
and their metabolites detected in DESI-IM-MSI analysis, 
ion mobility separated ions were further sent to tandem 
MS/MS for the precursor ion fragmentation and drifting 

tube separation, which allows to distinguish low-inten-
sity fragmentation ions from isomeric backgrounds. 
In situ DESI-IM-MS/MS was carried out on the treated 
plant samples, and the collision energy was optimized 
as described above. The AWM 320.1273 was manually 
picked as the common in situ parent mass of both iso-
meric compounds, yet their precursor ions could be sepa-
rated in the IM-MS/MS via their drift times of fragmen-
tation ions. The collision energy of the two isomers was 
optimized at 15 eV; both precursor ions of auxinole (dt 
104.0) and 4pTb-MeIAA (dt 95.0) as well as their respec-
tive fragmentation ions could be observed in the in situ 
IM-MS/MS spectrum acquired from cotreated samples. 
Ions of m/z 116.05 ± 0.1 Da (dt 37.5 ± 1 bin), assigned 
as deprotonated indole group, were detected in MS/MS 
spectra of auxinole-treated Arabidopsis roots (Fig. 7a, 
c). Other fragmentation peaks, such as the m/z 276.15 
± 0.1 Da and m/z 147.08 ± 0.1 Da, were also detected 
in IM-MS/MS analysis. The p-acetyl toluene fragment 
(m/z 133.06 ± 0.1 Da; dt 45.4 ± 1 bin) was identified as 
the unique fragmentation ion in the MS/MS spectra of 
4pTb-MeIAA-treated samples (Fig. 7b). Although drift-
ing ions of p-acetyl toluene displayed lower intensities 
than auxinole fragments in the cotreated samples, they 
could still be detected from fragmentation products of 
4pTb-MeIAA using unique drift time (Fig. 7c). Detected 
masses of predicted metabolites were also validated using 
the in situ IM-MS/MS with collision energy optimized in 

Fig. 5   In situ visualization of predicted auxin derivative modifica-
tions from auxinole and 4pTb-MeIAA-treated and cotreated samples. 
Spatial distributions of auxinole-related metabolites, a auxinole-Asp, 
b auxinole-Glu and 4pTb-MeIAA hydrolysed product c 4pTb-IAA 

are revealed by DESI-IM-MSI analysis of 10-μM auxinole-treated 
and 10 μM auxinole + 10 μM 4pTb-MeIAA cotreated samples. Scale 
bar = 5 mm. Their AWM (Da), R (Da), dt (bin) and CCS (Å2) of tar-
get ions are also shown
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standard infusion. The indole group (m/z 116.05 ± 0.1 
Da; dt 37.5 ± 1 bin), as a common fragmentation prod-
uct of auxinole-Asp, auxinole-Glu and 4pTb-IAA, could 
be detected in their spectra acquired from auxinole and 
4pTb-MeIAA cotreated Arabidopsis samples (Fig. 8a–c). 
Besides, unique fragmentation ions matching aspar-
tate (m/z 131.1163; dt 42.0), glutamate (m/z 146.1020; 
dt 42.30) and 4pTb-IAA decarboxylated residue (m/z 

262.1319, dt 85.4) were also detected. Precursor ions of 
IAA and its metabolites were selected and submitted to 
in situ IM-MS/MS for validation; spectra of their drift 
ion and major product ions are shown in Figure S3. In 
comparison with classical MSI, very low signal intensities 
of synthetic compound fragmentation ions were observed 
after filtering with an IM trap, which made it impossible 
to collect enough peaks for imaging establishment.

Fig. 6   Spatial distributions of primary and secondary IAA metabo-
lites revealed by DESI-IM-MSI analysis of auxinole, 4pTb-MeIAA 
and auxinole + 4pTb-MeIAA cotreated Arabidopsis. Peaks assigned 
as a oxIAA, b IAA-Asp, c IAA-Glu, d oxIAA-Asp, e oxIAA-Glu and 

f oxIAA-Glc standard profiles are shown with their AWM (Da), R 
(Da), drift time (bin) and CCSs (Å2) in all four types of plant treat-
ments. Scale bar = 5 mm
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Target evaluation using DESI‑IM‑MSI and LC‑MS

To evaluate the abundance changes of synthetic and endog-
enous compounds established using DESI-IM-MSI, classical 
LC-MS analysis was performed as a quantification refer-
ence on root and hypocotyl samples of auxinole and 4pTb-
MeIAA treated and cotreated Arabidopsis plants. Compound 
abundances calculated from MSI results were processed with 
drift time and intensity thresholds and averaged from group-
wide intensities (TIC normalized) collected from all data 
points in the in house R script. The LC-MS analysis method 
was modified from the published protocols, and intensities 
of target analytes were summarized from the peak area under 
curve (AUC) in liquid chromatography [27, 28]. Sample 

quantification results were further compared using Student’s 
t-test to determine whether targeted abundances among four 
sample groups (control vs 10 μM auxinole, 10 μM 4pTb-
MeIAA and 10 μM auxinole + 10 μM 4pTb-MeIAA) were 
different with and without drift time filtering (Fig. 9a). In 
DESI-IM-MSI results of TIC intensity quantification of 
isomeric auxin derivatives (m/z 320.1273), peak intensities 
acquired from auxinole (dt 103.2) and 4pTb-MeIAA (dt 
95.2) were convoluted together. Drift time filtering allowed 
the discrimination of targeted ions generated from two iso-
meric derivates and endogenous compounds. In contrast to 
similar amount of auxinole in both treated and cotreated 
samples, a significant decrease of 4pTb-MeIAA intake was 
detected in plants once cotreated with auxinole (Fig. 9b). In 

Fig. 7   In situ DESI-IM-MS/
MS spectra of auxinole and 
4pTb-MeIAA from treated 
Arabidopsis sample roots. a 
Fragmentation spectrum of 
targeted mass m/z 320.1273 in 
10-μM auxinole-treated root. 
b IM-MS/MS spectrum of 
targeted mass m/z 320.1273 in 
10 μM 4pTb-MeIAA-treated 
root. c IM-MS/MS spectrum 
of common precursor mass m/z 
320.1273 of two isomeric com-
pounds (dt 104.0 as auxinole 
and dt 95.0 as 4pTb-MeIAA) in 
the cotreated root
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the LC-MS analysis, an average auxinole AUC intensity of 
91.72 ± 35.35 was detected from 10-μM auxinole-treated 
samples and 113.18 ± 32.35 from 10 μM auxinole + 10 
μM 4pTb-MeIAA cotreated samples (Fig. 9c). A higher 
AUC intensity level of 4pTb-MeIAA (41.52 ± 21.15) was 
detected in 10 μM 4pTb-MeIAA-treated samples, while its 
intensity was roughly 26.30 ± 8.77 in the cotreated samples. 
Besides synthetic isomers, all targeted auxin metabolites 
were quantified in LC-MS analysis (Table S4). IAA was fur-
ther interrogated for tissue-wise abundance in auxinole and 
4pTb-MeIAA treated and cotreated samples. As anticipated, 
unfiltered DESI-MSI results misevaluated abundance of tar-
geted analytes within plant samples (Fig. 9a). On the other 
hand, analysis using DESI-IM-MSI with drift time selec-
tion demonstrated high compatibility with the AUC inten-
sities using highly sensitive LC-MS method (Fig. 9b, c). 
Moreover, quantification of endogenous auxin metabolites 
in response to isomeric compound treatment and cotreat-
ment by both classical LC-MS and DESI-IM-MSI analysis is 

shown in Figure S4. Upon filtering grouped peaks acquired 
from ambient DESI source using standard drift time, DESI-
IM-MSI provided robust evaluation of low-abundant small 
molecules from heterogeneous plant tissues, comparable to 
the classical quantification approach LC-MS (Fig. 9).

Conclusion

Ambient DESI-MSI, which offers easy sample prepara-
tion and high-throughput analysis, has been employed in 
numerous studies as a tool to reveal spatial distribution of 
both known and unknown compounds. Currently, accurate 
identification of low-abundant compounds in DESI-MSI is 
convoluted by low quality of MS/MS fragmentation [25]. 
Besides, MSI typically utilizes only mass-to-charge ratio for 
analyte visualization, while in situ validation using MS/MS 
imaging is challenged when studying derivatives with simi-
lar molecular backbones leading to the same fragmentation 

Fig. 8   In situ DESI-IM-MS/
MS spectra of auxinole and 
4pTb-MeIAA metabolites from 
cotreated Arabidopsis sample 
roots. DESI-IM-MS analysis of 
a auxinole-Asp, b auxinole-Glu 
and c 4pTb-IAA, from auxinole 
and 4pTb-MeIAA-treated and 
cotreated samples reveals their 
common and unique fragmenta-
tion ions from 24-h cotreatment
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products. Therefore, it is almost impossible to establish cor-
rect spatial distribution of isomeric compounds without the 
assistance of additional analytical parameters. On the other 
hand, rapid IM analysis, which separates ions in millisec-
onds, makes coupling with DESI-MSI technology possible 
for in situ isomer imaging and identification.

To the best of our knowledge, we are for the first time 
presenting visualization of two isomeric auxin deriva-
tives and endogenous auxins from cotreated plants using 

ion mobility coupled DESI-MSI. In this proof of concept 
analysis, DESI-IM-MSI was utilized to reveal unique distri-
butions of auxinole and 4pTb-MeIAA in Arabidopsis upon 
individual and combined treatment (Fig. 4). Furthermore, we 
provide direct evidence of in planta metabolism of targeted 
derivatives to auxinole-Asp, auxinole-Glu and 4pTb-IAA, 
after 24-h treatment.

In summary, our study reveals the unique advantages of 
in situ low-molecular-weight isomeric compound separation, 

Fig. 9   Mass spectrometry analysis of auxinole and 4pTb-MeIAA 
abundance in control compared to 10  μM auxinole, 10  μM 4pTb-
MeIAA and 10  μM auxinole + 10  μM 4pTb-MeIAA cotreated sam-
ples. a Boxplots of unfiltered auxinole and 4pTb-MeIAA intensities 
using all unfiltered DESI-MSI data points collected from triplicated 
experiments. b Evaluation of isomeric compound intensities using 

selected mass group processed from triplicated DESI-IM-MSI 
analysis. c Quantification of isomeric auxin derivatives and IAA 
using AUC intensities from parallel LC-MS analysis of control and 
treated Arabidopsis (n = 5). n.s. not significant, *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.001
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CCS value-aided metabolite identification and improved tar-
get evaluation using IM coupled ambient DESI-MSI. Besides, 
DESI-IM-MSI enables high spatial resolution imaging of 
endogenous and exogenous compounds from small plant tis-
sue such as Arabidopsis root and hypocotyl which does not 
require complex sample preparation. These advances allow 
further monitoring of isomeric compounds and their metabo-
lites from the same plant sample in a single run.
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Method S1: Synthesis  

Method S1.1: Chemicals and general methods 

Chemicals were purchased from common commercial suppliers. All reactions were performed in oven-dried glassware. 

Dimethylformamide was kept over molecular sieves at least 48 h prior to use. Conversion of starting materials was 

monitored by thin layer chromatography (TLC) on aluminium plates coated with silica gel 60 F254 (Merck, USA) 

and visualized by UV light (254 and 365 nm) and staining solutions (vanillin or potassium permanganate). Purification 

of reaction mixtures was done by column chromatography on silica gel (40-63 µm Davisil LC60A, Grace Davison, 

UK). 1H (500 MHz) and 13C (125 MHz) NMR spectra were recorded in deuterated dimethyl sulfoxide (DMSO-d6) at 

room temperature on a Jeol ECA-500 spectrometer equipped with a 5 mm Royal probe. Chemical shifts were 

calibrated to 1H 2.50 ppm and 13C 39.52 ppm signals of DMSO-d6. The LC–MS analyses were performed on an 

ACQUITY UPLC® H-Class system combined with UPLC® PDA detector and a single-quadrupole mass spectrometer 

QDa™ (Waters, UK) as described previously (1). 

Method S1.2: 2,5-Dioxopyrrolidin-1-yl 4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoate 

4-(2,4-Dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoic acid (auxinole) (50 mg, 0.16 mmol) and N-

hydroxysuccinimide (17.9 mg, 0.16 mmol) were dissolved in dioxane (4.5 ml) and ethyl acetate (2.1 ml) mixture to 

which N,N'-dicyclohexylcarbodiimide (32 mg, 0.16 mmol) was added at 0 °C. Resulting mixture was warmed up to 

room temperature and stirred for 18 h. Subsequently, the reaction mixture was filtered over celite and the filter cake 

was washed with dioxane (3 × 5 ml). Evaporation of the solvent under reduced pressure afforded crude 2,5-

dioxopyrrolidin-1-yl 4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoate which was used in the next step 

without purification. Yield 88%, white solid, Rf = 0.65 (petroleum ether/ethyl acetate 4/1). 1H NMR (500 MHz, 

DMSO-d6): δ 2.31 (3H, s, CH3), 2.39 (3H, s, CH3), 2.65-2.76 (4H, br s, 2 × CH2), 3.55 (1H, dd, J = 18.0, 4.6 Hz, 

CHαHβ), 3.92 (1H, dd, J = 18.0, 10.1 Hz, CHαHβ), 4.76 (1H, dd, J = 10.1, 4.3 Hz, CH), 7.02 (1H, ddd, J = 8.0, 7.0, 0.9 

Hz, CH), 7.09-7.13 (3H, m, 3 × CH), 7.38 (1H, d, J = 8.3 Hz, CH), 7.46 (1H, d, J = 2.4 Hz, CH), 7.65 (1H, d, J = 7.9 

Hz, CH), 7.82 (1H, d, J = 7.9 Hz, CH), 11.17 (1H, br d, J = 2.1 Hz, NH). 13C NMR (125 MHz, DMSO-d6): δ 20.9, 

21.0, 25.4, 35.6, 43.7, 109.3, 111.6, 118.6, 118.9, 121.4, 123.9, 125.9, 126.4, 129.6, 132.4, 133.9, 136.1, 137.9, 141.8, 

156.6, 169.3, 169.9, 199.7. MS (ES, neg. mode): m/z (%): 417.17 (M – H-, 100). 

Method S1.3: Dimethyl (4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)aspartate 

2,5-Dioxopyrrolidin-1-yl 4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoate (200 mg, 0.48 mmol) was 

dissolved in dry dimethylformamide (2 ml) and the resulting mixture was cooled down to 0 °C. Subsequently, solution 

of dimethyl L-aspartate hydrochloride (189 mg, 0.96 mmol) in dry dimethylformamide (2.5 ml) was added, followed 

by triethylamine (199 µl, 1.43 mmol) and the resulting mixture was stirred at room temperature for 3 h. Subsequently, 

reaction mixture was cooled down to 0 °C, quenched with water (10 ml) and extracted with diethyl ether (3 × 15 ml). 

The combined organic extracts were washed with brine (2 × 10 ml). Drying with sodium sulfate, filtration and 

evaporation of the solvent under reduced pressure and purification of the residue by flash chromatography on silica 

gel (petroleum ether/ethyl acetate 2/3 to 1/4) afforded dimethyl (4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-

oxobutanoyl)aspartate as a mixture of diastereomers. Yield 73%, white-yellowish solid, Rf = 0.20 (petroleum 

ether/ethyl acetate/methanol 10/10/1). 1H NMR (500 MHz, DMSO-d6): δ 2.30 (6H, s, 2 × CH3 or 2 × CH3* or CH3 

and CH3*), 2.31 (3H, s, CH3 or CH3*), 2.32 (3H, s, CH3 or CH3*), 2.57 (1H, dd, J = 16.4, 7.0 Hz, CHαHβ or CHαHβ*), 

2.64 (1H, dd, J = 16.5, 6.7 Hz, CHαHβ or CHαHβ*), 2.74 (1H, dd, J = 16.4, 6.4 Hz, CHαHβ or CHαHβ*),2.78 (1H, dd, 

J = 16.4, 6.4 Hz, CHαHβ or CHαHβ*), 3.16-3.22 (2H, m, CHαHβ and CHαHβ*), 3.41 (3H, s, OCH3 or OCH3*), 3.46 

(3H, s, OCH3 or OCH3*), 3.53 (3H, s, OCH3 or OCH3*), 3.54 (3H, s, OCH3 or OCH3*), 3.68-3.74 (2H, m, CHαHβ and 

CHαHβ*), 4.34-4.38 (2H, m, CH and CH*),4.55 (1H, ddd, J = 7.6, 7.0, 6.7 Hz, -CH-NH- or -CH*-NH-), 4.61 (1H, 

ddd, J = 7.9, 6.9, 6.7 Hz, -CH-NH- or -CH*-NH-), 6.94-6.98 (2H, m, CH and CH*), 7.04-7.11 (6H, m, 3 × CH and 3 

× CH*), 7.15 (1H, d, J = 2.1 Hz, CH or CH*), 7.17 (1H, d, J = 2.1 Hz, CH or CH*), 7.31-7.34 (2H, m, CH and CH*), 

7.61 (1H, d, J = 8.0 Hz, CH or CH*), 7.63 (1H, d, J = 8.0 Hz, CH or CH*), 7.70-7.72 (2H, m, CH and CH*), 8.45-

8.48 (2H, m, NH and NH*), 10.90-10.92 (2H, m, NH and NH*). 13C NMR (125 MHz, DMSO-d6): δ 20.6, 20.7, 20.9, 

35.5, 38.66, 38.75, 43.9, 44.0, 48.6, 48.8, 51.5, 51.6, 51.9, 52.0, 111.30, 111.36, 112.89, 112.94, 118.38, 118.41, 

118.97, 119.04, 121.0, 123.0, 126.1, 126.2, 126.4, 129.0, 129.1, 132.2, 135.1, 135.2, 136.2, 137.3, 141.19, 141.21, 

170.4, 170.5, 171.12, 171.14, 172.7, 172.8, 201.6, 201.7. MS (ES, pos. mode): m/z (%): 465.44 (M + H+, 100). 

Method S1.4: (4-(2,4-Dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)aspartic acid (auxinole-Asp) 



Dimethyl (4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)aspartate (163 mg, 0.35 mmol) was dissolved in 

methanol (16 ml) and 1M lithium hydroxide solution (3.84 ml) was added at 0 °C. The reaction mixture was warmed 

up to 50 °C and stirred for 4 h. Subsequently, the reaction mixture was cooled down to 0 °C, acidified with 1M 

potassium bisulfate solution to pH = 6 and extracted with ethyl acetate (3 × 10 ml). The combined organic extracts 

were washed with brine (2 × 5 ml). Drying with sodium sulfate, filtration and evaporation of the solvent under reduced 

pressure and the purification of the residue by flash chromatography on silica gel (ethyl acetate/methanol 50/3), 

afforded (4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)aspartic acid as a mixture of diastereomers. Yield 

59%, white-yellowish solid, Rf = 0.17 (ethyl acetate/methanol 10/1). 1H NMR (500 MHz, DMSO-d6): δ 2.29 (3H, s, 

CH3 or CH3*), 2.30 (6H, s, CH3 or CH3* and 2 × CH3 or 2 × CH3*), 2.42 (1H, dd, J = 16.8, 6.0 Hz, CHαHβ or CHαHβ*), 

2.50-2.53 (1H, m, CHαHβ or CHαHβ*), 2.59 (1H, dd, J = 16.8, 6.7 Hz, CHαHβ or CHαHβ*), 2.66 (1H, dd, J = 16.5, 7.3 

Hz, CHαHβ or CHαHβ*), 3.17-3.24 (1H, m, CHαHβ or CHαHβ*), 3.65-3.72 (1H, m, CHαHβ or CHαHβ*), 4.37-4.42 (2H, 

m, CH and CH*), 4.44-4.53 (2H, m, -CH-NH- and -CH*-NH-), 6.96 (2H, t, J = 7.6 Hz, CH and CH*), 7.03-7.10 (6H, 

m, 3× CH and 3 × CH*), 7.16 (1H, d, J = 2.1 Hz, CH or CH*), 7.19 (1H, d, J = 2.1 Hz, CH or CH*), 7.30-7.33 (2H, 

m, CH and CH*), 7.62 (1H, d, J = 7.6 Hz, CH or CH*), 7.65 (1H, d, J = 8.0 Hz, CH or CH*), 7.70 (2H, d, J = 8.0 

Hz, CH and CH*), 8.22-8.29 (2H, br s, NH and NH*), 10.88-10.91 (2H, m, NH and NH*), 12.22-12.66 (4H, m, 2 × 

OH and 2 × OH*). 13C NMR (125 MHz, DMSO-d6): δ 20.6, 20.7, 20.9, 35.95, 36.06, 38.6, 38.7, 44.1, 44.3, 48.6, 48.7, 

111.3, 113.0, 118.35, 118.38, 118.9, 119.0, 120.9, 122.98, 123.01, 126.17, 126.24, 126.3, 128.96, 128.99, 132.2, 135.1, 

135.2, 136.1, 137.2, 141.07, 141.10, 171.67, 171.71, 172.3, 172.5, 201.6, 201.8. MS (ES, neg. mode): m/z (%): 435.38 

(M – H-, 100). 

Method S1.5: Dimethyl (4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)glutamate 

2,5-Dioxopyrrolidin-1-yl 4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoate (100 mg, 0.24 mmol) was 

dissolved in dry dimethylformamide (1 ml) and the reaction mixture was cooled down to 0 °C. Subsequently, solution 

of dimethyl L-glutamate hydrochloride (101 mg, 0.48 mmol) in dry dimethylformamide (1 ml) was added, followed 

by triethylamine (99 µl, 0.72 mmol) and resulting reaction mixture was stirred at room temperature for 3 h. 

Subsequently, reaction mixture was cooled down to 0 °C, quenched with water (10 ml) and extracted with diethyl 

ether (3 × 15 ml). The combined organic extracts were washed with brine (2 × 10 ml). Drying with sodium sulfate, 

filtration and evaporation of the solvent under reduced pressure and purification of the residue by flash 

chromatography on silica gel (petroleum ether/ethyl acetate 2/3 to 1/4) afforded dimethyl (4-(2,4-dimethylphenyl)-2-

(1H-indol-3-yl)-4-oxobutanoyl)glutamate as a mixture of diastereomers. Yield 53%, white-yellowish solid, Rf = 0.26 

(petroleum ether/ethyl acetate/methanol 10/10/1). 1H NMR (500 MHz, DMSO-d6): δ 1.73-1.86 (2H, m, CHαHβ and 

CHαHβ*), 1.87-2.02 (2H, m, CHαHβ and CHαHβ*), 2.17-2.22 (2H, m, CHαHβ and CHαHβ*), 2.29 (3H, s, CH3 or CH3*), 

2.30 (6H, s, 2 × CH3 or 2 × CH3* or CH3 and CH3*), 2.33 (3H, s, CH3 or CH3*), 2.36-2.45 (2H, m, CHαHβ and CHαHβ*), 

3.21 (2H, dd, J = 17.4, 4.5 Hz, CHαHβ and CHαHβ*), 3.47 (3H, s, OCH3 or OCH3*), 3.50 (3H, s, OCH3 or OCH3*), 

3.55 (3H, s, OCH3 or OCH3*), 3.56 (3H, s, OCH3 or OCH3*), 3.69-3.76 (2H, m, CHαHβ and CHαHβ*), 4.13-4.18 (1H, 

m, -CH-NH- or -CH*-NH-), 4.29-4.34 (1H, m, -CH-NH- or -CH*-NH-), 4.37-4.42 (2H, m, CH and CH*), 6.93-6.99 

(2H, m, CH and CH*), 7.03-7.11 (6H, m, 3 × CH and 3 × CH*), 7.17 (1H, d, J = 2.1 Hz, CH or CH*), 7.18 (1H, d, J 

= 2.1 Hz, CH or CH*), 7.31-7.34 (2H, m, CH and CH*), 7.68 (1H, d, J = 8.0 Hz, CH or CH*), 7.69 (1H, d, J = 8.0 

Hz, CH or CH*), 7.72 (1H, d, J = 8.0 Hz, CH or CH*), 7.74 (1H, d, J = 8.0 Hz, CH or CH*), 8.44-8.47 (2H, m, NH 

and NH*), 10.89-10.93 (2H, br s, NH and NH*). 13C NMR (125 MHz, DMSO-d6): δ 20.7, 20.8, 20.9, 25.9, 26.3, 29.36, 

29.39, 38.5, 38.7, 43.8, 44.1, 51.0, 51.28, 51.32, 51.68, 51.70, 111.3, 111.4, 113.1, 113.2, 118.3, 118.4, 119.0 , 119.2, 

121.0, 122.9, 123.0, 126.1, 126.2, 126.3, 129.1, 129.2, 132.2, 132.3, 134.9, 135.1, 136.2, 137.3, 137.4, 141.2, 141.3, 

172.07, 172.09, 172.6, 172.8, 172.95, 173.03, 201.6, 201.8. MS (ES, pos. mode): m/z (%): 479.45 (M + H+, 100). 

Method S1.6: (4-(2,4-Dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)glutamic acid (auxinole-Glu) 

Dimethyl (4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)glutamate (60 mg, 0.13 mmol) was dissolved in 

methanol (4 ml) and 1M lithium hydroxide solution (1.05 ml) was added at 0 °C. The reaction mixture was warmed 

up to 50 °C and stirred for 4 h. Subsequently, the reaction mixture was cooled down to 0 °C, acidified with 1M 

potassium bisulfate solution to pH = 6 and extracted with ethyl acetate (3 × 10 ml). The combined organic extracts 

were washed with brine (2 × 5 ml). Drying with sodium sulfate, filtration and evaporation of the solvent under reduced 

pressure and the purification of the residue by flash chromatography on silica gel (ethyl acetate/methanol 50/3), 

afforded (4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoyl)glutamic acid as a mixture of diastereomers. 

Yield 75%, white-yellowish solid, Rf = 0.17 (ethyl acetate/methanol 10/1). 1H NMR (500 MHz, DMSO-d6): δ 1.66-

1.74 (1H, m, CHαHβ*), 1.75-1.81 (1H, m, CHαHβ), 1.82-1.89 (1H, m, CHαHβ*), 1.90-1.98 (1H, m, CHαHβ), 2.07-2.11 

(2H, m, CHαHβ and CHαHβ*), 2.27-2.36 (8H, m, CHαHβ and CHαHβ*, 2 × CH3 and 2 × CH3*), 3.18-3.24 (2H, m, 



CHαHβ and CHαHβ*), 3.69 (1H, dd, J = 17.6, 8.6 Hz, CHαHβ*), 3.72 (1H, dd, J = 17.4, 9.5 Hz, CHαHβ), 4.11 (1H, 

ddd, J = 8.8, 7.6, 5.5 Hz, -CH*-NH-), 4.23 (1H, ddd, J = 9.0, 7.6, 4.9 Hz, -CH-NH-), 4.39-4.44 (2H, m, CH and CH*), 

6.95 (1H, t, J = 7.3 Hz, CH*), 6.96 (1H, t, J = 8.0 Hz, CH), 7.02-7.11 (6H, m, 3 × CH and 3 × CH*), 7.17 (1H, d, J 

= 2.1 Hz, CH), 7.19 (1H, d, J = 2.1 Hz, CH*), 7.31 (1H, d, J = 8.0 Hz, CH*), 7.32 (1H, d, J = 8.3 Hz, CH), 7.67-7.74 

(4H, m, 2 × CH and 2 × CH*), 8.26 (1H, d, J = 7.6 Hz, NH*), 8.28 (1H, d, J = 7.6 Hz, NH), 10.88-10.94 (2H, br s, 

NH and NH*), 12.20-12.48 (4H, br s, 2 × OH and 2 × OH*). 13C NMR (125 MHz, DMSO-d6): δ 20.7, 20.8, 20.9, 

26.4, 26.8, 29.9, 38.5, 38.7, 43.9, 44.3, 51.2, 51.4, 111.3, 111.4, 113.3, 113.4, 118.3, 118.4, 119.0, 119.2, 120.95, 

120.98, 122.89, 122.92, 126.2, 126.28, 126.33, 129.0, 129.1, 132.2, 132.3, 135.0, 135.2, 136.1, 137.3, 137.4, 141.1, 

141.2, 172.7, 172.8, 173.3, 173.8, 174.0, 201.7, 201.8. MS (ES, neg. mode): m/z (%): 449.33 (M – H-, 100). 

Method S1.7: Methyl 2-(1H-indol-3-yl)-4-oxo-4-(p-tolyl)butanoate (4pTb-MeIAA) 

To a solution of 2-(1H-indol-3-yl)-4-oxo-4-(p-tolyl)butanoic acid (4pTb-IAA) (307 mg, 1.00 mmol) in methanol (10 

ml), acetyl chloride (171 µl, 2.4 mmol) was added dropwise at 0 °C and the reaction mixture was stirred at room 

temperature for 2 h. The resulting reaction mixture was cooled down to 0 °C and quenched with saturated sodium 

hydrogencarbonate solution (10 ml) and extracted with ethyl acetate (3 × 10 ml). The combined organic extracts were 

washed with brine (10 ml). Drying with sodium sulfate, filtration and evaporation of the solvent under reduced 

pressure and the purification of the residue by flash chromatography on silica gel (petroleum ether/ethyl acetate 4/1 

to 3/1), afforded methyl 2-(1H-indol-3-yl)-4-oxo-4-(p-tolyl)butanoate (4pTb-MeIAA). Yield 89%, light brown solid, 

Rf = 0.19 (petroleum ether/ethyl acetate 4/1). 1H NMR (500 MHz, DMSO-d6): δ 2.38 (3H, s, CH3), 3.41 (1H, dd, J = 

18.3, 4.0 Hz, CHαHβ), 3.55 (3H, s, CH3), 4.04 (1H, dd, J = 18.2, 10.9 Hz, CHαHβ), 4.40 (1H, dd, J = 10.9, 3.8 Hz, CH), 

7.01 (1H, t, J = 7.5 Hz, CH), 7.09 (1H, t, J = 7.5 Hz, CH), 7.32-7.39 (4H, m, 4 × CH), 7.65 (1H, d, J = 7.9 Hz, CH), 

7.94 (2H, d, J = 7.9 Hz, 2 × CH), 11.06-11.10 (1H, br s, NH). 13C NMR (125 MHz, DMSO-d6): δ 21.2, 37.4, 41.1, 

51.7, 111.2, 111.6, 118.8, 121.3, 123.4, 126.1, 128.2, 129.3, 133.8, 136.2, 143.8, 173.9, 197.8. MS (ES, pos. mode): 

m/z (%): 322.46 (M + H+, 100). 

 

Method S2: LC-MS quantification method 

For the auxinole and 4pTb-MeIAA quantification, the samples were purified by liquid-liquid extraction. A 

combination of methanol:H2O:hexane (1:1:1) was used as the extraction solvent in a total volume of 900 µl. Three 

ceria-stabilized zirconium oxide beads were added and samples were homogenized by MixerMill MM 400 bead mill 

(Retsch GmBH, Haan, DE) at a frequency 27 Hz for 10 min. Following homogenization, the samples were then 

incubated at 4 °C with continuous shaking for 15 min and centrifuged (15 min, 23 000 g, 4 °C). After the extraction, 

the methanol/H2O phase was transferred to MicroSpin tubes (0.2 µm, nylon; Chromservis s.r.o.®, Prague, CZ), 

centrifuged for an additional 10 min (12 000 g, 4 °C) and the flow-through fraction was then evaporated to dryness 

under vacuum. 

The prepared samples were then dissolved in 50 µl of 10 % methanol, and 2 µl were injected into 1290 Infinity LC 

system coupled with a 6490 Triple Quadrupole LC/MS system equipped with Jet Stream and Dual Ion Funnel systems 

(Agilent Technologies, CA, USA). The HPLC separation was performed using a chromatographic reverse-phase 

column (Kinetex C18 100A, length 50 mm, diameter 2.1 mm, particle size 1.7 μm; Phenomenex, CA, USA). During 

the HPLC analysis, the samples were stored at 4 °C, and the column was tempered to 40 °C. Time of each analysis 

was 13 minutes, flow rate 0.3 mL/min, and the mobile phase consisted of deionized water (A) and methanol (B), both 

with the addition of 0.1 % acetic acid. The gradient elution was set as follows: 0 min – 60% A, 9 min – 5% A, 9.25 

min – 1 % A, 10 min – 1 % A, 10.50 min – 60% A.  

Following the separation step, samples were ionized by the electrospray ion source of a tandem MS analyzer operating 

in positive mode (ESI+) using these optimized conditions: drying gas flow and temperature, 11 L/min and 150°C; 

nebulizer pressure, 20 psi; sheath gas flow and temperature, 12 L/min and 325°C; capillary voltage, 2.8 kV; nozzle 

voltage, 0 V; collision energy, 15 V. The analytes were quantified using multiple reaction monitoring (MRM) mode 

with optimized conditions as described in Table S1. The acquired raw data were then interpreted by Mass Hunter 

software (Agilent Technologies, Santa Clara, CA, USA). For quantification, analytes peak areas (AUC) were 

normalized on the sample weight and their intensity ratio displayed. 

To determine the compound's concentration in pmol/g FW, samples with addition of known amount of auxinole and 

4pTb-MeIAA were prepared, and the method recovery factor was calculated. Three replicates of seven-day-old 



Arabidopsis thaliana plants were harvested, with each sample weighing approximately 10 mg, and rapidly frozen in 

liquid nitrogen. To each sample, 1 nmol of auxinole and 4pTb-MeIAA were added, and samples were processed by 

LLE as described above. To account for matrix effects and analyte losses during extraction, six points external 

calibration curve ranging from 1 fmol to 100 pmol was prepared in 10% methanol. From these measurements, the 

recovery factor was calculated using the response of calibration and analyte levels after LLE (Table S2). For real 

samples, concentration was calculated from an external calibration curve after the application of dilution and recovery 

factors. 

 

Table S1: Conditions of HPLC-MRM-MS method for auxinole and 4pTb-MeIAA. Diagnostic MRM transitions, for quantification and confirmation 
of the analytes, as well as collision energies were optimized. 

 

Analyte MRM transition CE Retention times ESI polarity 

 quantifier qualifier (V) (min)  

auxinole 322 > 133 322 > 174 15 5.85 + 

4pTb-MeIAA 322 > 262 322 > 188 15 6.03 + 

 

Table S2: Liquid-liquid extraction efficiency of auxinole and 4pTb-MeIAA. Three replicates of ≈10 mg of seven-days-old Arabidopsis thaliana 

roots were prepared, 1 nmol of auxinole and 4pTb-MeIAA was added and samples were then processed by the LLE using methanol:H2O:hexane 
(1:1:1). For quantification of the compounds, external calibration curve was prepared, and recovery factor was calculated from measured analytes 
levels after LLE. 

Analyte 

Concentration Recovery Recovery 

 MEAN ± SD MEAN ± SD factor 

(pmol) (pmol)  (%)   

auxinole 

304.78        

332.62 328.76 ± 18.20 0.33 ± 0.02 3.04 

348.87        

4pTb-MeIAA 

30.90        

12.61 23.16 ± 7.73 0.02 ± 0.01 43.17 

25.97        

  



Table S3: Summary of selected peakgroups presented in DESI-IM-MSI analysis 

Abundant 

weight means 

(AWM) 

m.z 

minimum 

m.z 

maximum 

mass group 

range (R) 

Drift time 

minimum 

Drift time 

maximum 

drift_time_gro

up_range 

Number of 

detected 

treatments 

Grouped 

charge 

condition 

255.3631 255.3586 255.3678 0.0092 89.92 89.98 0.06 4 singly 

220.2659 220.2614 220.2695 0.0081 73.09 73.21 0.12 2 singly 

341.835 341.8343 341.8361 0.0018 72.82 72.99 0.17 1 singly 

256.3661 256.3617 256.371 0.0093 89.81 89.99 0.18 4 singly 

286.2708 286.2665 286.2758 0.0093 98.86 99.08 0.22 4 singly 

298.0451 298.0414 298.0496 0.0082 84.53 84.84 0.31 4 singly 

297.3639 297.3621 297.3662 0.0041 101.37 101.72 0.35 2 singly 

306.8979 306.8954 306.8995 0.0041 67.54 67.9 0.36 2 singly 

278.1788 278.1755 278.1833 0.0078 91.62 92 0.38 4 singly 

436.8406 436.8368 436.8441 0.0073 81.57 81.95 0.38 3 singly 

277.2145 277.211 277.2184 0.0074 93.9 94.32 0.42 4 singly 

321.2904 321.2878 321.293 0.0052 114.52 114.95 0.43 3 singly 

273.9925 273.988 273.9973 0.0093 69.65 70.09 0.44 4 singly 

275.9952 275.992 275.9995 0.0075 74.73 75.17 0.44 4 singly 

349.0631 349.0611 349.0651 0.004 88.02 88.47 0.45 2 singly 

296.9478 296.944 296.9516 0.0076 64.45 64.92 0.47 4 singly 

303.0995 303.0973 303.1013 0.004 87.1 87.6 0.5 3 singly 

313.9397 313.9366 313.9433 0.0067 68.39 68.91 0.52 4 singly 

276.6086 276.6039 276.613 0.0091 65.92 66.45 0.53 4 singly 

278.2179 278.2141 278.2218 0.0077 93.77 94.36 0.59 4 singly 

261.1443 261.1397 261.1491 0.0094 85.27 85.87 0.6 4 singly 

263.1974 263.1923 263.2016 0.0093 91.29 91.93 0.64 4 singly 

308.796 308.7924 308.7992 0.0068 67.23 67.87 0.64 4 singly 

328.1841 328.1802 328.1876 0.0074 110.66 111.3 0.64 4 singly 

313.9983 313.9947 314.0017 0.007 81.17 81.89 0.72 4 singly 

311.5929 311.5902 311.5965 0.0063 106.71 107.44 0.73 3 singly 

261.1299 261.1262 261.1343 0.0081 75.1 75.85 0.75 4 singly 

302.2188 302.215 302.223 0.008 100.8 101.55 0.75 4 singly 

302.0965 302.0947 302.0994 0.0047 61.96 62.76 0.8 2 singly 

346.2329 346.2314 346.2346 0.0032 103.76 104.59 0.83 2 singly 

301.2155 301.2115 301.2194 0.0079 100.65 101.49 0.84 4 singly 

304.2347 304.2311 304.2394 0.0083 105.08 105.94 0.86 4 singly 

305.2471 305.2432 305.2516 0.0084 104.06 104.93 0.87 4 singly 

300.2032 300.1995 300.2078 0.0083 103.76 104.69 0.93 4 singly 

342.4053 342.4046 342.4056 0.001 83.23 84.18 0.95 1 singly 

316.2563 316.252 316.2608 0.0088 103.74 104.78 1.04 4 singly 

303.2315 303.2279 303.2363 0.0084 104.85 105.92 1.07 4 singly 

290.9089 290.9074 290.9107 0.0033 64.91 66.07 1.16 2 singly 

458.6838 458.6828 458.6858 0.003 87.55 88.73 1.18 2 singly 



313.2372 313.2334 313.2413 0.0079 101.76 103.19 1.43 4 singly 

314.2409 314.2367 314.2453 0.0086 101.84 103.3 1.46 4 singly 

273.1678 273.1647 273.172 0.0073 81.89 83.38 1.49 4 singly 

310.404 310.403 310.4056 0.0026 74.39 75.88 1.49 1 singly 

347.1332 347.1297 347.1367 0.007 98.77 100.59 1.82 4 singly 

335.297 335.2933 335.3021 0.0088 114.99 117.3 2.31 3 singly 

326.2737 326.2699 326.2775 0.0076 109.25 111.95 2.7 4 singly 

530.7133 530.7123 530.7142 0.0019 99.44 102.47 3.03 1 singly 

261.1676 261.1653 261.1703 0.005 78.16 81.31 3.15 2 singly 

269.4618 269.4576 269.4656 0.008 91.17 94.44 3.27 4 singly 

158.0747 158.0682 158.0786 0.0104 50.99 54.8 3.81 4 singly 

263.1602 263.1558 263.1651 0.0093 84.67 88.7 4.03 4 singly 

265.9887 265.984 265.9944 0.0104 66.58 70.79 4.21 4 singly 

190.0467 190.0426 190.0507 0.0081 54.1 58.4 4.2 4 singly 

223.1281 223.1225 223.1329 0.0104 70.44 74.71 4.27 4 singly 

210.0341 210.0263 210.0405 0.0142 59.73 64.05 4.32 4 singly 

342.6688 342.666 342.6717 0.0057 81.03 85.36 4.33 2 singly 

266.89 266.8873 266.8927 0.0054 55.74 60.16 4.42 2 singly 

271.1871 271.1825 271.1919 0.0094 84.73 89.18 4.45 3 singly 

232.9802 232.9788 232.9817 0.0029 57.51 62.02 4.51 1 singly 

126.9827 126.9778 126.9884 0.0106 33.03 37.7 4.67 4 singly 

204.1102 204.1061 204.1144 0.0083 62.09 66.92 4.83 4 singly 

291.1567 291.152 291.1608 0.0088 90.96 95.82 4.86 4 singly 

196.0138 196.008 196.0198 0.0118 53.08 58.15 5.07 4 singly 

305.104 305.0994 305.1079 0.0085 88.23 93.36 5.13 4 singly 

300.2599 300.2559 300.2645 0.0086 100.46 105.62 5.16 4 singly 

330.2374 330.2334 330.2414 0.008 100.24 105.49 5.25 4 singly 

270.1744 270.1702 270.1778 0.0076 82.72 88.14 5.42 4 singly 

225.1061 225.0989 225.1119 0.013 67.73 73.2 5.47 4 singly 

286.207 286.2035 286.2113 0.0078 90.03 95.51 5.48 4 singly 

261.2178 261.2123 261.2219 0.0096 89.05 94.56 5.51 4 singly 

291.1931 291.1901 291.1976 0.0075 96.17 101.86 5.69 4 singly 

255.9789 255.9725 255.9839 0.0114 59.85 65.61 5.76 4 singly 

376.9505 376.946 376.9541 0.0081 84.14 89.94 5.8 3 singly 

271.1533 271.1489 271.1583 0.0094 80.52 86.4 5.88 4 singly 

307.009 307.0053 307.0118 0.0065 70.81 76.71 5.9 4 singly 

256.1582 256.153 256.1629 0.0099 77.44 83.39 5.95 4 singly 

257.1717 257.1658 257.1771 0.0113 79.74 85.69 5.95 4 singly 

374.0474 374.0432 374.0529 0.0097 101.36 107.33 5.97 4 singly 

229.1393 229.1342 229.1435 0.0093 70.23 76.37 6.14 4 singly 

258.1739 258.1688 258.1791 0.0103 79.26 85.83 6.57 4 singly 

272.1512 272.1488 272.1526 0.0038 79.64 86.28 6.64 2 singly 

354.9961 354.9942 354.9987 0.0045 78.28 84.94 6.66 3 singly 



240.1189 240.1081 240.1301 0.022 73.71 80.45 6.74 4 singly 

335.2236 335.2186 335.2275 0.0089 106.99 113.77 6.78 4 singly 

307.0782 307.0743 307.0814 0.0071 80.9 87.77 6.87 4 singly 

214.0421 214.036 214.0466 0.0106 60.36 67.23 6.87 4 singly 

257.1378 257.132 257.1419 0.0099 75.98 82.96 6.98 4 singly 

226.1793 226.1735 226.1873 0.0138 72.79 79.84 7.05 4 singly 

388.1727 388.1673 388.1781 0.0108 117.56 124.67 7.11 4 singly 

336.2261 336.2202 336.2317 0.0115 106.87 114.01 7.14 4 singly 

343.1154 343.1131 343.1188 0.0057 88.17 95.39 7.22 4 singly 

273.0031 272.9972 273.0093 0.0121 64.65 71.89 7.24 4 singly 

327.564 327.5615 327.5673 0.0058 76.47 83.74 7.27 2 singly 

215.1206 215.1145 215.1261 0.0116 65.4 72.69 7.29 4 singly 

265.0412 265.0358 265.0456 0.0098 62.53 70.03 7.5 4 singly 

390.238 390.2364 390.2393 0.0029 123.31 130.82 7.51 2 singly 

215.0859 215.0806 215.0919 0.0113 62.18 69.72 7.54 4 singly 

259.1157 259.1098 259.1219 0.0121 73 80.7 7.7 4 singly 

280.9264 280.9227 280.9318 0.0091 62.71 70.43 7.72 4 singly 

213.1058 213.1002 213.1114 0.0112 64.65 72.38 7.73 4 singly 

217.069 217.0621 217.076 0.0139 59.72 67.61 7.89 4 singly 

206.0731 206.0667 206.0777 0.011 55.53 63.51 7.98 4 singly 

196.0416 196.0344 196.0511 0.0167 51.63 59.75 8.12 4 singly 

202.1436 202.1361 202.1502 0.0141 64.88 73.08 8.2 4 singly 

333.6796 333.6758 333.6845 0.0087 75.85 84.14 8.29 3 singly 

288.978 288.9724 288.9842 0.0118 67.5 75.86 8.36 4 singly 

274.0996 274.0957 274.1028 0.0071 74.51 83.05 8.54 4 singly 

281.1375 281.133 281.1415 0.0085 77.2 85.77 8.57 4 singly 

239.1589 239.1539 239.1635 0.0096 77.15 85.75 8.6 4 singly 

264.0832 264.0791 264.0881 0.009 71.91 80.52 8.61 4 singly 

199.0729 199.0717 199.0741 0.0024 55.82 64.47 8.65 1 singly 

246.0678 246.0599 246.0744 0.0145 63.13 71.82 8.69 4 singly 

270.0386 270.0344 270.0426 0.0082 73.04 81.89 8.85 2 singly 

294.9984 294.9945 295.0028 0.0083 71.79 80.68 8.89 4 singly 

224.02 224.015 224.0263 0.0113 57.74 66.7 8.96 4 singly 

273.2292 273.2251 273.234 0.0089 89.62 98.72 9.1 4 singly 

229.1029 229.0979 229.1085 0.0106 66.73 76.09 9.36 4 singly 

272.2271 272.2227 272.2318 0.0091 89.31 98.78 9.47 4 singly 

245.1373 245.1316 245.1422 0.0106 72.29 81.77 9.48 4 singly 

287.2192 287.2137 287.2239 0.0102 90.86 100.41 9.55 4 singly 

256.1053 256.0996 256.11 0.0104 76.3 85.89 9.59 4 singly 

202.0609 202.0533 202.0682 0.0149 49.8 59.59 9.79 4 singly 

321.2101 321.2056 321.215 0.0094 95.54 105.51 9.97 4 singly 

213.1435 213.1384 213.1481 0.0097 62.22 72.23 10.01 4 singly 

283.1886 283.1833 283.1923 0.009 88.66 98.83 10.17 4 singly 



311.223 311.218 311.2268 0.0088 98.37 108.56 10.19 4 singly 

381.9929 381.9907 381.9948 0.0041 92.34 102.58 10.24 4 singly 

274.0695 274.0636 274.0759 0.0123 67.38 77.67 10.29 4 singly 

199.1211 199.1143 199.1253 0.011 55.61 65.97 10.36 3 singly 

365.2739 365.27 365.2791 0.0091 118.47 128.96 10.49 4 singly 

182.9143 182.9091 182.9197 0.0106 38.69 49.21 10.52 4 singly 

310.9681 310.9621 310.9731 0.011 72.24 82.93 10.69 4 singly 

262.1369 262.1295 262.1456 0.0161 75.05 85.89 10.84 4 singly 

210.9851 210.9798 210.9959 0.0161 49.71 60.56 10.85 4 singly 

280.0017 279.9962 280.0075 0.0113 66.76 77.72 10.96 4 singly 

291.0876 291.0831 291.0919 0.0088 77.74 88.74 11 4 singly 

267.051 267.0442 267.0574 0.0132 65.01 76.18 11.17 4 singly 

286.0801 286.0769 286.0846 0.0077 76.61 87.82 11.21 3 singly 

273.091 273.0862 273.0959 0.0097 71.87 83.14 11.27 4 singly 

199.0176 199.0104 199.0246 0.0142 48.76 60.05 11.29 4 singly 

283.5677 283.5631 283.5718 0.0087 67.45 78.76 11.31 2 singly 

446.0567 446.0523 446.0611 0.0088 112.68 124.11 11.43 4 singly 

296.5575 296.5536 296.5616 0.008 68.46 79.96 11.5 2 singly 

209.0179 209.0094 209.0254 0.016 51.94 63.59 11.65 4 singly 

242.9089 242.9072 242.9099 0.0027 55.96 67.64 11.68 1 singly 

385.0802 385.0744 385.0837 0.0093 92.48 104.35 11.87 4 singly 

227.1272 227.1186 227.1328 0.0142 68.89 81.35 12.46 4 singly 

193.0137 193.0031 193.0237 0.0206 47.89 60.38 12.49 4 singly 

279.0504 279.0465 279.0551 0.0086 64.72 77.48 12.76 4 singly 

281.0833 281.0793 281.0876 0.0083 75.63 88.4 12.77 3 singly 

287.1287 287.1242 287.134 0.0098 80.96 93.99 13.03 4 singly 

205.112 205.1014 205.1207 0.0193 61.59 74.64 13.05 4 singly 

249.0725 249.0656 249.0813 0.0157 60.2 73.32 13.12 4 singly 

180.9995 180.9939 181.0056 0.0117 41.49 54.7 13.21 4 singly 

269.0509 269.0474 269.0551 0.0077 67.6 80.82 13.22 4 singly 

224.9995 224.9929 225.0051 0.0122 50.36 63.6 13.24 4 singly 

249.0398 249.0343 249.0453 0.011 54.78 68.05 13.27 3 singly 

218.0542 218.0445 218.0613 0.0168 51.19 64.48 13.29 3 singly 

293.0313 293.0282 293.0356 0.0074 61.66 75.07 13.41 3 singly 

257.2345 257.2301 257.2396 0.0095 76.62 90.1 13.48 4 singly 

277.1397 277.1344 277.1448 0.0104 87.15 100.75 13.6 4 singly 

315.1801 315.1758 315.1835 0.0077 93.96 107.79 13.83 4 singly 

375.0433 375.0384 375.0476 0.0092 93.61 107.49 13.88 4 singly 

442.2606 442.2576 442.265 0.0074 129.68 143.76 14.08 4 singly 

313.1669 313.1628 313.1709 0.0081 93.91 108.03 14.12 4 singly 

261.0891 261.0836 261.0967 0.0131 63.22 77.4 14.18 4 singly 

278.1421 278.1372 278.1471 0.0099 86.14 100.34 14.2 4 singly 

271.1158 271.1112 271.1215 0.0103 77.84 92.46 14.62 4 singly 



212.0411 212.035 212.05 0.015 52.03 66.94 14.91 4 singly 

403.2234 403.2165 403.2298 0.0133 125.99 140.9 14.91 4 singly 

325.1678 325.164 325.1717 0.0077 76.53 91.63 15.1 3 singly 

243.0212 243.0153 243.0253 0.01 56.67 71.85 15.18 4 singly 

299.0747 299.0685 299.0792 0.0107 71.92 87.11 15.19 4 singly 

258.2372 258.2326 258.2423 0.0097 74.88 90.12 15.24 4 singly 

289.1614 289.1563 289.1669 0.0106 83.91 99.18 15.27 4 singly 

241.0022 240.9921 241.0103 0.0182 54.87 70.19 15.32 4 singly 

337.0465 337.0422 337.0515 0.0093 83.83 99.4 15.57 4 singly 

470.2935 470.2885 470.2993 0.0108 140.35 156.03 15.68 4 singly 

272.1176 272.1124 272.1238 0.0114 76.89 92.69 15.8 4 singly 

263.0695 263.0646 263.0744 0.0098 68.67 84.51 15.84 4 singly 

269.0998 269.0948 269.1046 0.0098 63.61 79.46 15.85 4 singly 

184.1315 184.1194 184.1421 0.0227 53.07 68.98 15.91 4 singly 

170.1131 170.1021 170.1217 0.0196 48.06 63.99 15.93 4 singly 

273.1319 273.1276 273.1369 0.0093 75.53 91.54 16.01 4 singly 

314.1675 314.1639 314.1714 0.0075 92.16 108.21 16.05 4 singly 

425.2973 425.2927 425.3025 0.0098 133.73 149.89 16.16 4 singly 

227.0246 227.0113 227.0368 0.0255 53.15 69.36 16.21 4 singly 

288.1502 288.1461 288.1549 0.0088 83.26 99.55 16.29 4 singly 

287.148 287.143 287.1518 0.0088 83.1 99.49 16.39 4 singly 

317.1227 317.1183 317.1267 0.0084 92.61 109.01 16.4 4 singly 

286.1343 286.1301 286.1395 0.0094 80.52 97.14 16.62 4 singly 

341.3341 341.3305 341.3384 0.0079 102.71 119.51 16.8 4 singly 

301.108 301.1037 301.113 0.0093 79.8 96.61 16.81 3 singly 

259.0183 259.0099 259.0263 0.0164 58.31 75.19 16.88 4 singly 

285.1306 285.1253 285.1362 0.0109 80.32 97.2 16.88 4 singly 

332.1724 332.1683 332.1782 0.0099 77.81 94.85 17.04 4 singly 

471.3031 471.2951 471.3103 0.0152 140.39 157.52 17.13 4 singly 

325.0919 325.0866 325.096 0.0094 83.16 100.34 17.18 4 singly 

237.051 237.0405 237.0576 0.0171 59.91 77.1 17.19 4 singly 

411.1673 411.1617 411.1725 0.0108 121.09 138.34 17.25 4 singly 

297.0444 297.0411 297.0492 0.0081 84.49 101.82 17.33 4 singly 

299.1496 299.1452 299.1538 0.0086 85.95 103.41 17.46 4 singly 

124.9463 124.9436 124.9485 0.0049 28.37 45.84 17.47 1 singly 

433.2517 433.2484 433.2539 0.0055 122.09 139.72 17.63 1 singly 

255.0817 255.076 255.0864 0.0104 61.66 79.45 17.79 4 singly 

276.1127 276.1021 276.1206 0.0185 65.93 83.78 17.85 4 singly 

300.1507 300.1465 300.1548 0.0083 85.47 103.53 18.06 4 singly 

348.0125 348.0102 348.0149 0.0047 81.19 99.66 18.47 1 singly 

235.0369 235.0328 235.0411 0.0083 53.44 72.04 18.6 4 singly 

288.0581 288.0527 288.0635 0.0108 69.04 87.65 18.61 4 singly 

503.2257 503.2191 503.2316 0.0125 137.9 156.73 18.83 3 singly 



335.126 335.1245 335.128 0.0035 91.89 110.76 18.87 2 singly 

336.054 336.0471 336.0591 0.012 76.72 95.81 19.09 4 singly 

288.1309 288.1252 288.1358 0.0106 74.89 94.11 19.22 4 singly 

317.1606 317.1551 317.167 0.0119 80.84 100.24 19.4 4 singly 

196.9735 196.964 196.9831 0.0191 40.31 59.81 19.5 4 singly 

270.102 270.0967 270.1077 0.011 59.95 79.55 19.6 4 singly 

312.1532 312.1491 312.1575 0.0084 71.11 90.75 19.64 3 singly 

234.0372 234.0312 234.0434 0.0122 50.42 70.07 19.65 4 singly 

394.1751 394.1703 394.1804 0.0101 111.86 131.68 19.82 4 singly 

401.2246 401.2188 401.2332 0.0144 121.21 141.15 19.94 4 singly 

319.0584 319.0531 319.0672 0.0141 74.8 94.8 20 4 singly 

586.6271 586.6256 586.6287 0.0031 126.46 146.58 20.12 1 singly 

339.0736 339.0682 339.0788 0.0106 89.66 109.87 20.21 3 singly 

226.933 226.932 226.9343 0.0023 52.49 72.75 20.26 1 singly 

321.0587 321.0496 321.0683 0.0187 74.93 95.23 20.3 4 singly 

231.0814 231.0756 231.0878 0.0122 51.64 71.99 20.35 4 singly 

242.0471 242.0411 242.053 0.0119 55.01 75.37 20.36 4 singly 

254.0438 254.036 254.0519 0.0159 58.11 78.62 20.51 3 singly 

255.155 255.1493 255.1596 0.0103 62.35 83.33 20.98 4 singly 

242.0744 242.0673 242.0798 0.0125 58.83 79.92 21.09 4 singly 

577.6215 577.6209 577.622 0.0011 127.11 148.2 21.09 1 singly 

494.5856 494.5852 494.5864 0.0012 126.52 147.93 21.41 1 singly 

335.0522 335.0471 335.056 0.0089 77.82 99.35 21.53 4 singly 

245.0973 245.0918 245.1021 0.0103 54.45 76.22 21.77 4 singly 

282.9882 282.9832 282.9933 0.0101 77.12 98.99 21.87 4 singly 

355.3217 355.3176 355.3262 0.0086 102.99 124.92 21.93 4 singly 

344.0382 344.0312 344.0459 0.0147 77.72 99.79 22.07 4 singly 

233.9957 233.99 234.0024 0.0124 49.53 71.78 22.25 4 singly 

263.0463 263.0383 263.0529 0.0146 56.64 79.12 22.48 3 singly 

224.0536 224.046 224.0615 0.0155 53.07 75.66 22.59 4 singly 

275.073 275.0666 275.0805 0.0139 66.79 89.48 22.69 4 singly 

289.1288 289.1233 289.1363 0.013 71.85 94.58 22.73 4 singly 

277.114 277.1031 277.1254 0.0223 61.78 84.59 22.81 4 singly 

281.1181 281.114 281.123 0.009 71.91 94.82 22.91 4 singly 

339.8239 339.8212 339.829 0.0078 46.65 69.89 23.24 3 singly 

270.1208 270.1164 270.1255 0.0091 68.52 92.37 23.85 4 singly 

287.1076 287.1027 287.1121 0.0094 61.97 85.99 24.02 4 singly 

255.0424 255.0377 255.047 0.0093 65.95 90.03 24.08 4 singly 

329.1493 329.1454 329.1523 0.0069 79.52 104.92 25.4 3 singly 

267.1014 267.0971 267.1059 0.0088 64.6 90.41 25.81 4 singly 

275.1136 275.1043 275.1222 0.0179 65.64 91.57 25.93 4 singly 

337.6059 337.6023 337.6109 0.0086 87.6 113.9 26.3 4 singly 

321.0974 321.0936 321.1031 0.0095 84.84 111.25 26.41 4 singly 



325.1153 325.1083 325.1228 0.0145 86.8 113.26 26.46 4 singly 

283.6164 283.6141 283.6183 0.0042 72.57 99.04 26.47 2 singly 

371.6044 371.6026 371.606 0.0034 82.55 109.27 26.72 1 singly 

296.1388 296.1339 296.1441 0.0102 73.72 100.83 27.11 4 singly 

341.2693 341.2635 341.2754 0.0119 87.89 115.04 27.15 4 singly 

376.1893 376.1838 376.1952 0.0114 106.8 134.48 27.68 4 singly 

282.1226 282.1175 282.128 0.0105 68.04 95.75 27.71 4 singly 

471.0822 471.0813 471.083 0.0017 128.64 156.37 27.73 2 singly 

268.1071 268.1003 268.113 0.0127 64.72 92.49 27.77 4 singly 

259.1891 259.1828 259.1984 0.0156 64.74 92.63 27.89 4 singly 

342.5844 342.5805 342.5877 0.0072 72.86 100.92 28.06 2 singly 

318.1605 318.1547 318.1668 0.0121 72.82 100.92 28.1 4 singly 

351.201 351.1965 351.2057 0.0092 97.11 125.26 28.15 4 singly 

277.0688 277.0552 277.0775 0.0223 55.98 84.38 28.4 4 singly 

326.0976 326.0943 326.1021 0.0078 83.44 111.86 28.42 4 singly 

295.1349 295.1306 295.1394 0.0088 72.36 100.89 28.53 4 singly 

463.1112 463.1027 463.119 0.0163 125.59 155.62 30.03 4 singly 

272.0861 272.0799 272.0933 0.0134 57.16 87.3 30.14 4 singly 

367.1064 367.1017 367.1117 0.01 87.15 117.53 30.38 4 singly 

290.1259 290.1205 290.1298 0.0093 65.01 95.41 30.4 4 singly 

284.4036 284.3993 284.4094 0.0101 68.49 99.03 30.54 4 singly 

322.1589 322.1495 322.168 0.0185 79.64 110.19 30.55 4 singly 

325.5594 325.5546 325.5645 0.0099 81.21 111.91 30.7 4 singly 

337.1844 337.1805 337.1883 0.0078 88.58 119.34 30.76 4 singly 

283.4017 283.3943 283.4062 0.0119 68 98.99 30.99 4 singly 

309.1512 309.147 309.1563 0.0093 75.68 106.78 31.1 4 singly 

310.1553 310.1506 310.1598 0.0092 75.74 106.95 31.21 4 singly 

319.2265 319.2225 319.231 0.0085 74.83 106.39 31.56 4 singly 

265.0839 265.0792 265.0895 0.0103 56.17 87.74 31.57 4 singly 

257.0414 257.0343 257.0487 0.0144 58.58 90.19 31.61 4 singly 

226.0557 226.0498 226.0617 0.0119 50.87 82.51 31.64 4 singly 

338.1869 338.1827 338.1917 0.009 88.06 120.03 31.97 4 singly 

334.1697 334.163 334.1766 0.0136 74.88 107.47 32.59 4 singly 

285.0338 285.0288 285.0392 0.0104 65.74 98.84 33.1 4 singly 

324.1718 324.1672 324.1764 0.0092 79.07 112.65 33.58 4 singly 

391.101 391.0931 391.1113 0.0182 100.28 133.89 33.61 4 singly 

320.1273 320.1239 320.131 0.0071 68.64 103.4 34.76 4 singly 

306.1113 306.1048 306.1162 0.0118 65 99.9 34.9 3 singly 

306.1113 306.1048 306.1162 0.0118 65 99.9 34.9 3 singly 

357.3326 357.3267 357.3371 0.0104 89.82 125.48 35.66 4 singly 

306.0751 306.0715 306.0792 0.0077 65.03 103 37.97 4 singly 

341.1779 341.1714 341.1827 0.0113 75.17 113.14 37.97 3 singly 

298.8872 298.8858 298.8888 0.003 62.91 101.57 38.66 2 singly 



331.1728 331.1639 331.1784 0.0145 77.42 116.26 38.84 4 singly 

342.1817 342.1771 342.1854 0.0083 74.19 113.27 39.08 3 singly 

343.1653 343.1564 343.1732 0.0168 74.04 113.18 39.14 4 singly 

256.0371 256.0324 256.0425 0.0101 50.68 90.01 39.33 4 singly 

296.9966 296.9914 297.0025 0.0111 63.77 103.37 39.6 4 singly 

321.1483 321.1351 321.1561 0.021 69.88 109.95 40.07 4 singly 

310.8765 310.8708 310.8812 0.0104 66.56 107.87 41.31 4 singly 

297.0857 297.0766 297.0913 0.0147 61.22 103.91 42.69 4 singly 

337.1455 337.1398 337.1514 0.0116 71.55 114.41 42.86 4 singly 

326.8527 326.8487 326.8565 0.0078 69.42 112.34 42.92 4 singly 

319.1059 319.1004 319.1085 0.0081 66.5 111 44.5 4 singly 

319.1173 319.1058 319.1273 0.0215 66.48 110.99 44.51 4 singly 

335.1676 335.1572 335.175 0.0178 73.07 117.7 44.63 4 singly 

349.1824 349.1621 349.2006 0.0385 75.03 122.64 47.61 4 singly 

449.1767 449.167 449.1856 0.0019 84.9 140.9 56 2 singly 

435.1589 435.1501 435.167 0.0017 81.2 146 64.8 2 singly 

251.2372 251.2357 251.239 0.0033 88.66 92.53 3.87 1 doubly 

366.7618 366.7589 366.7654 0.0065 75.84 81.06 5.22 3 doubly 

277.1766 277.1731 277.1802 0.0071 91.62 101.67 10.05 4 doubly 

340.2032 340.1997 340.2073 0.0076 113.62 123.69 10.07 4 doubly 

258.2113 258.2069 258.2154 0.0085 83.68 96.03 12.35 4 doubly 

243.1905 243.1849 243.195 0.0101 79.08 92.21 13.13 4 doubly 

368.2367 368.2319 368.2412 0.0093 123.05 136.69 13.64 4 doubly 

168.9867 168.9781 168.9937 0.0156 33.98 47.98 14 4 doubly 

275.1608 275.1564 275.1661 0.0097 86.8 101.54 14.74 4 doubly 

211.0892 211.0831 211.0957 0.0126 63.31 79.51 16.2 4 doubly 

276.1352 276.1327 276.1383 0.0056 86.67 103.18 16.51 2 doubly 

333.8477 333.8442 333.8518 0.0076 69.94 86.68 16.74 3 doubly 

239.1226 239.119 239.1276 0.0086 74.01 91.69 17.68 4 doubly 

181.0596 181.0587 181.0611 0.0024 53.91 71.75 17.84 1 doubly 

202.1009 202.0946 202.1078 0.0132 60.92 80.11 19.19 4 doubly 

369.2311 369.2256 369.2363 0.0107 117.58 136.84 19.26 4 doubly 

267.0103 267.0064 267.0137 0.0073 50.8 70.85 20.05 3 doubly 

323.2569 323.2528 323.2616 0.0088 108.53 128.98 20.45 4 doubly 

295.2246 295.2197 295.2299 0.0102 97.59 118.31 20.72 4 doubly 

296.2275 296.2228 296.2334 0.0106 97.5 118.24 20.74 4 doubly 

365.2171 365.2138 365.2208 0.007 110.01 131.38 21.37 3 doubly 

364.8467 364.8419 364.8501 0.0082 73.81 95.37 21.56 4 doubly 

183.1291 183.1175 183.1406 0.0231 46.73 69.03 22.3 4 doubly 

218.9863 218.9756 218.9943 0.0187 41.11 63.56 22.45 4 doubly 

292.0514 292.0468 292.0562 0.0094 56.42 79.79 23.37 4 doubly 

311.9717 311.9676 311.9772 0.0096 59.13 82.52 23.39 4 doubly 

352.0901 352.0874 352.0926 0.0052 74.21 97.91 23.7 2 doubly 



362.5976 362.596 362.599 0.003 77.99 102.11 24.12 1 doubly 

280.9852 280.9815 280.9898 0.0083 52.69 77.76 25.07 4 doubly 

378.0909 378.0862 378.0957 0.0095 78.95 104.25 25.3 4 doubly 

514.5844 514.5831 514.5854 0.0023 128.77 154.09 25.32 1 doubly 

165.0312 165.0238 165.0381 0.0143 45.01 70.48 25.47 4 doubly 

377.0891 377.083 377.0933 0.0103 67.16 93.13 25.97 4 doubly 

441.0569 441.0549 441.0601 0.0052 84.67 112.69 28.02 1 doubly 

200.9524 200.9509 200.9537 0.0028 47.13 75.41 28.28 1 doubly 

526.081 526.0803 526.082 0.0017 129.22 157.56 28.34 1 doubly 

526.5822 526.5804 526.5836 0.0032 128.98 157.55 28.57 1 doubly 

329.1255 329.1202 329.1299 0.0097 67.83 96.55 28.72 4 doubly 

408.07 408.0623 408.0812 0.0189 88.73 117.5 28.77 4 doubly 

239.1086 239.1036 239.1129 0.0093 67.57 96.36 28.79 3 doubly 

148.9607 148.9584 148.9628 0.0044 36.38 65.93 29.55 1 doubly 

210.0016 209.9948 210.0071 0.0123 51.04 81.16 30.12 4 doubly 

501.3233 501.3181 501.3273 0.0092 146.96 177.15 30.19 3 doubly 

227.1025 227.0956 227.1087 0.0131 76.35 106.69 30.34 4 doubly 

257.0985 257.093 257.1025 0.0095 72.85 104.71 31.86 4 doubly 

349.0905 349.0843 349.0973 0.013 67.05 99.48 32.43 4 doubly 

330.762 330.7574 330.7662 0.0088 55.25 88.2 32.95 4 doubly 

400.1726 400.1687 400.1763 0.0076 81.82 114.88 33.06 3 doubly 

338.0997 338.0951 338.1046 0.0095 64.05 97.63 33.58 4 doubly 

283.1351 283.1306 283.1415 0.0109 97.17 131.69 34.52 4 doubly 

564.1282 564.1255 564.1316 0.0061 124.91 159.93 35.02 1 doubly 

355.0848 355.0746 355.0925 0.0179 66.45 102.1 35.65 4 doubly 

476.5734 476.5707 476.5747 0.004 106.47 142.92 36.45 1 doubly 

476.2983 476.2876 476.3079 0.0203 130.57 167.07 36.5 4 doubly 

285.2679 285.2637 285.273 0.0093 98.83 136.54 37.71 4 doubly 

401.149 401.1443 401.1538 0.0095 77.79 116.5 38.71 4 doubly 

223.0176 223.0093 223.024 0.0147 54.05 93.04 38.99 4 doubly 

350.8698 350.8662 350.8729 0.0067 47.77 86.85 39.08 3 doubly 

421.1661 421.1577 421.1736 0.0159 82.36 121.73 39.37 4 doubly 

430.1626 430.1604 430.1651 0.0047 82.75 122.34 39.59 2 doubly 

312.1719 312.1675 312.1752 0.0077 107.37 148.21 40.84 4 doubly 

422.1715 422.1627 422.1775 0.0148 82.92 123.81 40.89 4 doubly 

248.9689 248.9621 248.9737 0.0116 26.7 68.57 41.87 4 doubly 

307.1265 307.1115 307.1398 0.0283 61.95 103.92 41.97 4 doubly 

211.0351 211.0271 211.0417 0.0146 55.72 98.47 42.75 4 doubly 

365.1742 365.1663 365.1814 0.0151 78.87 122.97 44.1 4 doubly 

355.1603 355.1495 355.1709 0.0214 75.76 120.06 44.3 4 doubly 

401.0902 401.0875 401.0938 0.0063 69.64 114.52 44.88 3 doubly 

352.3604 352.3571 352.3628 0.0057 126.16 171.66 45.5 3 doubly 

416.094 416.0867 416.1003 0.0136 90.49 136.15 45.66 4 doubly 



366.1794 366.1742 366.1844 0.0102 76.72 122.75 46.03 4 doubly 

313.0751 313.0669 313.0816 0.0147 61.21 107.62 46.41 4 doubly 

511.2658 511.2597 511.2717 0.012 119.82 166.25 46.43 4 doubly 

345.1669 345.1628 345.1714 0.0086 72.6 119.89 47.29 4 doubly 

421.3378 421.3282 421.3443 0.0161 103.41 150.98 47.57 4 doubly 

183.0015 182.9927 183.0099 0.0172 45.97 93.55 47.58 4 doubly 

429.1827 429.1765 429.1879 0.0114 86.42 134 47.58 4 doubly 

327.1837 327.1796 327.1881 0.0085 110.49 158.37 47.88 4 doubly 

441.0936 441.0859 441.0995 0.0136 103.61 152.05 48.44 3 doubly 

453.1477 453.1402 453.1544 0.0142 82.98 131.55 48.57 4 doubly 

194.0428 194.0343 194.0501 0.0158 59.13 108.54 49.41 4 doubly 

353.3081 353.3039 353.3126 0.0087 82.55 132.42 49.87 4 doubly 

477.1232 477.1133 477.1325 0.0192 130.58 180.46 49.88 4 doubly 

409.1396 409.1366 409.1448 0.0082 77.8 128.05 50.25 3 doubly 

363.0965 363.0882 363.1078 0.0196 67.58 118.04 50.46 4 doubly 

456.2035 456.1977 456.2094 0.0117 91.29 141.82 50.53 4 doubly 

371.0685 371.0634 371.0728 0.0094 67.23 117.91 50.68 4 doubly 

393.1689 393.1577 393.1781 0.0204 81.11 131.85 50.74 4 doubly 

472.2042 472.1996 472.2075 0.0079 92.96 144.29 51.33 4 doubly 

402.0877 402.0744 402.1008 0.0264 87.36 138.88 51.52 4 doubly 

433.2028 433.1961 433.2101 0.014 84.04 135.72 51.68 4 doubly 

471.2008 471.1979 471.2035 0.0056 92.56 144.26 51.7 3 doubly 

225.0521 225.0457 225.0587 0.013 51.01 103.04 52.03 4 doubly 

366.2225 366.2183 366.2277 0.0094 81.08 133.39 52.31 4 doubly 

496.6094 496.6073 496.6121 0.0048 105.18 158.46 53.28 1 doubly 

473.2112 473.2051 473.2169 0.0118 92.3 145.96 53.66 4 doubly 

355.1054 355.0979 355.1149 0.017 67.78 121.49 53.71 4 doubly 

381.1578 381.1534 381.1659 0.0125 78.11 133.39 55.28 4 doubly 

514.2103 514.2005 514.2186 0.0181 97.11 155.71 58.6 4 doubly 

415.2381 415.2331 415.2422 0.0091 83.43 142.49 59.06 4 doubly 

198.0292 198.0167 198.039 0.0223 50.88 110.19 59.31 4 doubly 

385.1015 385.0983 385.1062 0.0079 71.61 131.05 59.44 4 doubly 

339.2017 339.1965 339.2075 0.011 113.62 173.27 59.65 4 doubly 

323.1678 323.163 323.1731 0.0101 77.32 137.3 59.98 4 doubly 

375.1864 375.1822 375.1919 0.0097 107.46 167.58 60.12 4 doubly 

498.1762 498.1678 498.1815 0.0137 91.22 152.31 61.09 4 doubly 

389.1288 389.1226 389.1351 0.0125 73.51 135.08 61.57 4 doubly 

447.1359 447.1274 447.1462 0.0188 84.59 146.58 61.99 4 doubly 

436.0939 436.0887 436.0997 0.011 73.64 135.69 62.05 4 doubly 

435.0894 435.083 435.0944 0.0114 73.02 135.74 62.72 4 doubly 

440.1606 440.1555 440.1661 0.0106 84.79 147.6 62.81 4 doubly 

425.1479 425.1397 425.1569 0.0172 78.35 142.42 64.07 4 doubly 

197.0198 197.005 197.0288 0.0238 50.82 115 64.18 4 doubly 



427.1453 427.1409 427.1489 0.008 81.14 145.39 64.25 4 doubly 

297.1512 297.1469 297.1561 0.0092 103.04 168.46 65.42 4 doubly 

421.1132 421.1048 421.1219 0.0171 75.28 141.13 65.85 4 doubly 

553.1862 553.1841 553.1874 0.0033 98.04 164.63 66.59 1 doubly 

347.1043 347.0959 347.111 0.0151 69.05 136.45 67.4 4 doubly 

488.1965 488.1853 488.208 0.0227 94.67 162.6 67.93 4 doubly 

468.1224 468.1149 468.1286 0.0137 81.38 151.44 70.06 4 doubly 

541.1938 541.1873 541.1992 0.0119 89.68 161.69 72.01 3 doubly 

449.1076 449.1029 449.1125 0.0096 76.8 150.13 73.33 4 doubly 

540.1962 540.1842 540.2094 0.0252 98.87 175.8 76.93 4 doubly 

457.1271 457.1208 457.134 0.0132 80.7 157.72 77.02 4 doubly 

473.1732 473.1644 473.1798 0.0154 87.31 164.58 77.27 4 doubly 

271.224 271.2192 271.2281 0.0089 89.35 166.89 77.54 4 doubly 

509.2231 509.2137 509.23 0.0163 99.32 179.56 80.24 4 doubly 

367.234 367.2295 367.2392 0.0097 80.98 162.15 81.17 4 doubly 

270.2078 270.2041 270.2138 0.0097 88.69 174.85 86.16 4 doubly 

265.1455 265.1396 265.1499 0.0103 29.54 129.72 100.18 4 doubly 

120.965 120.9625 120.9686 0.0061 31.26 152.92 121.66 1 doubly 

326.1883 326.184 326.1926 0.0086 29.46 175.65 146.19 4 doubly 

293.1744 293.1697 293.1779 0.0082 22.88 169.84 146.96 4 doubly 

299.2574 299.252 299.2601 0.0081 23.81 170.85 147.04 4 doubly 

284.2658 284.261 284.2705 0.0095 31.87 180.89 149.02 4 doubly 

256.2329 256.2273 256.2375 0.0102 29.61 179.84 150.23 4 doubly 

311.1688 311.1638 311.173 0.0092 28.88 180.84 151.96 4 doubly 

325.185 325.1801 325.1917 0.0116 24.7 179.4 154.7 4 doubly 

283.2619 283.258 283.2682 0.0102 22.46 180.69 158.23 4 doubly 

255.2294 255.2248 255.2342 0.0094 21.22 179.59 158.37 4 doubly 

289.0736 289.0704 289.077 0.0066 80.7 86.2 5.5 4 multiply 

174.053 174.0457 174.0643 0.0186 50.9 57.7 6.8 4 multiply 

305.0701 305.0647 305.076 0.0113 60.8 85.3 24.5 4 multiply 

364.1652 364.1596 364.1716 0.012 76.24 106.53 30.29 3 multiply 

352.111 352.1081 352.1134 0.0053 67.5 102.7 35.2 4 multiply 

426.0884 426.0815 426.0956 0.0141 94.98 131.69 36.71 4 multiply 

364.0766 364.067 364.0844 0.0174 64.77 106.56 41.79 4 multiply 

417.1754 417.1699 417.1803 0.0104 84.37 127.28 42.91 4 multiply 

403.0916 403.0807 403.1049 0.0242 88.64 131.92 43.28 4 multiply 

363.1602 363.1491 363.1688 0.0197 75.95 123.16 47.21 4 multiply 

540.6025 540.6011 540.6041 0.003 114.98 168.98 54 1 multiply 

509.6004 509.5988 509.6018 0.003 106.36 160.49 54.13 1 multiply 

439.2518 439.2493 439.2549 0.0056 92.98 148.5 55.52 3 multiply 

460.0899 460.0851 460.0956 0.0105 77.71 134.06 56.35 3 multiply 

377.1688 377.1657 377.1744 0.0087 79.73 136.65 56.92 4 multiply 

562.5985 562.5972 562.601 0.0038 115.26 174.55 59.29 1 multiply 



387.1499 387.1457 387.153 0.0073 76.94 140.53 63.59 3 multiply 

379.1559 379.1464 379.1659 0.0195 76.77 140.87 64.1 4 multiply 

437.2006 437.1906 437.213 0.0224 89.53 155.58 66.05 4 multiply 

459.1055 459.1013 459.111 0.0097 99.24 166.28 67.04 2 multiply 

503.0993 503.0932 503.1057 0.0125 81.3 150.95 69.65 4 multiply 

481.1677 481.1586 481.1778 0.0192 87.04 160.16 73.12 4 multiply 

405.1162 405.1093 405.1258 0.0165 74.07 150.12 76.05 4 multiply 

545.0968 545.0861 545.1078 0.0217 98.86 176.16 77.3 4 multiply 

410.1679 410.1636 410.1729 0.0093 83.23 161.09 77.86 4 multiply 

433.1218 433.1101 433.1302 0.0201 76.74 154.9 78.16 4 multiply 

487.1931 487.1863 487.2028 0.0165 93.05 171.81 78.76 4 multiply 

471.1543 471.142 471.1651 0.0231 85.01 165.21 80.2 4 multiply 

437.1626 437.1534 437.1697 0.0163 82.32 162.94 80.62 4 multiply 

448.1296 448.1142 448.1412 0.027 78.66 159.5 80.84 4 multiply 

495.2016 495.1919 495.2082 0.0163 93.08 174.07 80.99 4 multiply 

449.1269 449.1223 449.1317 0.0094 79.66 160.94 81.28 4 multiply 

452.145 452.1397 452.1546 0.0149 81.7 165.63 83.93 4 multiply 

478.1192 478.1124 478.1249 0.0125 79.86 180.27 100.41 4 multiply 

 

 



Table S4: Liquid chromatography mass spectrometry analysis of auxin metabolites 

Table S4.1: Quantification of the auxinole, 4pTb-MeIAA and IAA determined through isotopically labelled LC-MS/MS analysis. Arabidopsis thaliana samples (10 mg FW) were extracted, purified using the  

in-tip µSPE (IAA) or LLE (auxinole, 4pTb-MeIAA) procedure and analysed by LC–MS/MS. The standard curves with regression equations were also shown below. 

Analytes 
auxinole 4pTb-MeIAA IAA 

AUC pmol/g FW ± SD; RSD [%] AUC pmol/g FW ± SD; RSD [%] AUC pmol/g FW ± SD; RSD [%] 

control 0.000 0.00 0.00 ± 0.00 0.000 0.00 0.00 ± 0.00 0.037 49.71 56.96 ± 4.38 

control 0.000 0.00   0.00% 0.000 0.00   0.00% 0.039 55.58   7.69% 

control 0.000 0.00    0.000 0.00    0.055 57.32    

control 0.000 0.00    0.000 0.00    0.037 59.24    

control 0.000 0.00    0.000 0.00    0.037 62.96    

10 μM auxinole 67.494 16.09 26.61 ± 10.48 0.000 0.00 0.00 ± 0.00 0.082 100.43 69.57 ± 22.74 

10 μM auxinole 74.437 21.59   39.40% 0.000 0.00   0.00% 0.024 29.60   32.69% 

10 μM auxinole 69.351 23.12    0.000 0.00    0.063 71.28    

10 μM auxinole 86.861 25.63    0.000 0.00    0.060 71.57    

10 μM auxinole 160.479 46.62    0.000 0.00    0.062 74.98    

10 μM 4pTb-MeIAA 0.000 0.000    21.223 20.45 43.31 ± 32.61 0.062 75.19 76.80 ± 20.79 

10 μM 4pTb-MeIAA 0.000 0.000    48.452 32.98   75.29% 0.092 113.99   27.07% 

10 μM 4pTb-MeIAA 0.000 0.000    25.261 90.99    0.041 50.83    

10 μM 4pTb-MeIAA 0.000 0.000    40.569 2.09    0.065 77.22    

10 μM 4pTb-MeIAA 0.000 0.000    79.547 70.05    0.054 66.78    

10 μM auxinole + 10 μM 4pTb-MeIAA 116.361 42.10 31.52 ± 8.48 26.346 4.20 1.94 ± 1.30 0.055 67.06 77.46 ± 16.67 

10 μM auxinole + 10 μM 4pTb-MeIAA 171.032 37.69   26.92% 38.851 1.11   66.96% 0.088 104.98   21.52% 

10 μM auxinole + 10 μM 4pTb-MeIAA 99.278 33.30    23.989 2.22    0.047 58.58    

10 μM auxinole + 10 μM 4pTb-MeIAA 94.564 51.13    23.764 0.35    0.072 87.46    

10 μM auxinole + 10 μM 4pTb-MeIAA 84.684 36.04    21.360 1.81    0.056 69.25    

Standard curve 
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Table S4.2: Quantification of the auxin metabolites through isotopically labelled LC-MS/MS analysis. Arabidopsis thaliana samples (10 mg FW) were extracted, purified using the in-tip µSPE procedure 

and analysed by LC–MS/MS. The standard curves with regression equations were also shown below. 

Analytes 
oxIAA IAA-Asp IAA-Glu 

AUC pmol/g FW ± SD; RSD [%] AUC pmol/g FW ± SD; RSD [%] AUC pmol/g FW ± SD; RSD [%] 

control 0.191 652.50 510.00 ± 91.45 0.045 6.56 8.00 ± 1.55 0.247 85.81 49.54 ± 21.54 

control 0.087 542.14   17.93% 0.029 6.66   19.35% 0.119 58.51   43.48% 

control 0.245 496.01    0.062 7.15    0.373 46.48    

control 0.376 490.40    0.066 9.19    0.285 31.91    

control 0.191 368.96    0.045 10.44    0.247 24.98    

10 μM auxinole 0.332 924.07 541.15 ± 206.64 0.076 37.55 21.09 ± 8.31 0.342 170.98 99.26 ± 37.97 

10 μM auxinole 0.174 373.96   38.19% 0.034 16.33   39.38% 0.144 70.39   38.25% 

10 μM auxinole 0.191 344.84    0.038 18.40    0.153 74.55    

10 μM auxinole 0.152 541.53    0.036 17.94    0.212 105.29    

10 μM auxinole 0.137 521.37    0.031 15.25    0.148 75.10    

10 μM 4pTb-MeIAA 0.187 494.93 549.51 ± 97.64 0.043 21.07 18.83 ± 4.73 0.139 71.24 81.86 ± 19.22 

10 μM 4pTb-MeIAA 0.208 713.61   17.77% 0.048 24.28   25.14% 0.200 104.85   23.48% 

10 μM 4pTb-MeIAA 0.195 463.24    0.043 21.32    0.141 72.13    

10 μM 4pTb-MeIAA 0.137 608.75    0.034 16.87    0.210 104.09    

10 μM 4pTb-MeIAA 0.076 467.00    0.021 10.62    0.109 57.00    

10 μM auxinole + 10μM 4pTb-MeIAA 0.289 511.79 507.91 ± 13.45 0.054 26.44 21.37 ± 5.91 0.238 119.28 102.94 ± 13.42 

10 μM auxinole + 10μM 4pTb-MeIAA 0.059 517.61   2.65% 0.020 10.11   27.65% 0.160 81.99   13.04% 

10 μM auxinole + 10μM 4pTb-MeIAA 0.194 481.85    0.049 24.20    0.231 115.69    

10 μM auxinole + 10μM 4pTb-MeIAA 0.156 518.51    0.042 21.02    0.194 98.77    

10 μM auxinole + 10μM 4pTb-MeIAA 0.212 509.77    0.051 25.10    0.195 99.00    

Standard curve 
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(continued) 

Analytes 
oxIAA-Asp oxIAA-Glu oxIAA-Glc 

AUC pmol/g FW ± SD; RSD [%] AUC pmol/g FW ± SD; RSD [%] AUC pmol/g FW ± SD; RSD [%] 

control 0.191 3.62 20.87 ± 13.13 0.264 79.64 90.64 ± 9.70 2.750 3094.42 2763.22 ± 249.77 

control 0.087 10.47   62.94% 0.146 79.76   10.70% 1.711 2985.36   9.04% 

control 0.245 22.31    0.310 93.20    3.452 2747.11    

control 0.376 26.52    0.361 95.93    3.604 2559.04    

control 0.191 41.43    0.264 104.67    2.750 2430.17    

10 μM auxinole 0.332 77.23 43.67 ± 17.22 0.401 207.64 132.74 ± 39.54 3.788 3455.51 2415.59 ± 525.73 

10 μM auxinole 0.174 36.91   39.43% 0.194 90.91   29.79% 2.457 2021.04   21.76% 

10 μM auxinole 0.191 41.49    0.238 114.23    2.703 2201.70    

10 μM auxinole 0.152 32.68    0.250 127.71    2.399 2145.03    

10 μM auxinole 0.137 30.05    0.250 123.22    2.501 2254.68    

10 μM 4pTb-MeIAA 0.187 41.77 37.98 ± 11.56 0.291 133.10 133.96 ± 45.88 2.768 2507.55 2571.99 ± 393.38 

10 μM 4pTb-MeIAA 0.208 51.10   30.44% 0.396 218.84   34.25% 2.998 2977.83   15.29% 

10 μM 4pTb-MeIAA 0.195 46.05    0.260 122.21    3.449 3059.02    

10 μM 4pTb-MeIAA 0.137 32.73    0.254 114.70    2.552 2268.50    

10 μM 4pTb-MeIAA 0.076 18.25    0.175 80.96    2.138 2047.06    

10 μM auxinole + 10μM 4pTb-MeIAA 0.289 63.20 39.01 ± 16.46 0.277 136.00 129.08 ± 9.36 2.542 2331.21 2693.59 ± 549.10 

10 μM auxinole + 10μM 4pTb-MeIAA 0.059 12.78   42.20% 0.309 139.87   7.25% 1.986 1913.60   20.39% 

10 μM auxinole + 10μM 4pTb-MeIAA 0.194 41.81    0.288 130.84    3.330 2972.54    

10 μM auxinole + 10μM 4pTb-MeIAA 0.156 32.54    0.271 125.74    2.963 2726.97    

10 μM auxinole + 10μM 4pTb-MeIAA 0.212 44.69    0.244 112.96    3.986 3523.62    

Standard curve 
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Fig. S1: Standard curves of auxinole and 4pTb-MeIAA in DESI-MS infusion 
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Fig. S2: Drift ion intensity maps of replicated samples 

 

  



(continued) 

 

  



Fig. S3: In situ DESI-IM-MS/MS spectra of auxins 

 

 



Fig. S4: Mass spectrometry analysis of auxin metabolites abundance in control compared to 10 μM auxinole, 10 μM 4pTb-MeIAA and 10 μM auxinole + 10 μM 4pTb-MeIAA cotreated samples. n.s. not 

significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.001. 
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1 Introduction 

Proper plant growth and development are intricately regulated by a group of bioactive compounds 

known as plant hormones (phytohormones). These substances function optimally within a narrow 

concentration range, necessitating strict regulation of their levels in plant cells and organs. This 

regulation primarily occurs through biosynthesis, metabolism and transport mechanisms.  

Among the diverse groups of phytohormones, auxins were the first to be identified owing to their 

profound effects on plant tropisms.  Two essential endogenous auxins are indole-3-acetic acid (IAA) 

and phenylacetic acid (PAA). These compounds exhibit biological active only in their free, unconjugated 

form. Enzymatic reactions produce metabolites that serve as temporary storage and transport forms, 

as well as degradation products. This conversion occurs either through irreversible oxidation of IAA to 

2-oxo-indole-3-acetic acid (oxIAA) or reversible conjugation with amino acids and sugars. In the 

presence of GRETCHEN HAGEN 3 (GH3) family enzymes, IAA and oxIAA form amides, primarily (ox)IAA-

aspartate and glutamate. Another important pathway involves reversible glycosylation by the uridine 

diphosphate glucosyltransferases, UGT84B1 and UGT74D1, resulting in indole-3-acetyl-1-O-ß-d-

glucose (IAA-glc) and its oxidised form 2-oxindole-3-acetyl-1-O-ß-d-glucose (oxIAA-glc), respectively. 

In most plant species, the auxin PAA is found at higher levels than IAA. However, the concentration 

required to induce an auxin response is significantly higher for PAA. Consequently, PAA has received 

less research attention, and its metabolism remains relatively unexplored. So far, the metabolism of 

PAA and IAA appears quite similar, as the same enzymes catalyse the synthesis of identical conjugates. 

Currently, only three metabolites (PAA-aspartate, PAA-glutamate and PAA-tryptophan) have been 

identified in plants. Although in vitro studies have demonstrated the conjugation of PAA with glucose 

by the enzyme UGT84B1, this compound has not yet been found in planta. 

 Delving deeper into the complex world of phytohormones can uncover their role in plant growth 

and development. Therefore, this doctoral thesis aims to broaden our understanding of auxin 

metabolic pathways across various plant species and their organs by sensitive mass spectrometry 

methods.  
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2 Aims and scopes 

In recent years, many new discoveries have been made in the field of auxin metabolism, expanding 

our knowledge about conjugates and catalysing enzymes. However, most of this research is connected 

to IAA and Arabidopsis thaliana as a model plant. Therefore, this doctoral thesis aims to broaden the 

understanding of these processes in two endogenous auxins (IAA and PAA) across various land plant 

species and their organs.  

 

The main aims described in this thesis are as follows: 

 

• Identification of novel IAA and PAA metabolites in plants by liquid chromatography coupled 

with tandem mass spectrometry (LC-MS/MS). 

 

• Complex IAA and PAA metabolite profiling in various land plant species and their organs by 

previously developed LC-MS/MS methods.  

 

• Understanding the regulatory mechanism of PAA metabolism by elucidating catalysing 

enzymes and pathways complementarity. 

 

• Developing extraction and detection methods for newly synthesized synthetic auxins with anti-

auxin activity and utilizing this method to measure the uptake and stability of these 

compounds in plants. 
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3 Material and Methods 

Chemicals 

• Plant agar and Murashige & Skoog media were purchased from Duchefa (Haarlem, Netherlands); 

hypergrade purity methanol and acetonitrile for LC-MS/MS analysis and all other chemicals were 

purchased from Merck (Darmstadt, Germany), Sigma-Aldrich (MA, USA), and Lach-Ner (Neratovice, 

Czech Republic).  

• Auxin standards and analogues were purchased from OlChemIm (Olomouc, Czech Republic) or 

synthesized by colleagues from Department of Chemical biology (Faculty of Science, Palacký 

University in Olomouc). Isotopically labelled auxin standards were purchased from Cambridge 

Isotope Laboratories, Inc (MA, USA). 

 

Plant material and growth conditions 

• Arabidopsis thaliana seeds ecotype Columbia-0 (Col-0) were used as a wild type (WT) in all 

experiments. 

• Arabidopsis knockout mutant lines with alterations in auxin metabolism - GH3 sextuple 

gh3.1,2,3,4,5,6 (Porco et al., 2016); GH3 octuple gh3.1,2,3,4,5,6,9,17 (Casanova-Saéz et al., 2022); 

ugt74d1 and ugt84b1 (Mateo-Bonmatí et al., 2021).  

• Other cultivated plant species: maize (Zea mays L.), pea (Pisum sativum arvense L.), wheat (Triticum 

aestivum L.), moss (Physcomitrella patens), and spruce (Picea abies L. Karst). 

• Arabidopsis seeds were sterilized in 70% ethanol with the addition of 0.1% Tween 20 for 5 min, 

sown on Murashige & Skoog medium in square agar plates (10 g sucrose, 2.2 g MS medium, 10 g 

agar, pH 5.7, all amounts are per litre), and cold treated for 4 days prior to germination. The plates 

were then transferred to a cultivation chamber and vertically placed under long-day conditions (16 

h light/8 h dark) at 22 ± 1°C under cool white fluorescent light (maximum irradiance 550 μmol  

m−2 s−1). 

• Pea, wheat, and maize seeds were left germinating in wet conditions in the dark for 2, 3, and 4 days, 

respectively, selected according to their uniformity from a large population, transferred to 

hydroponic boxes, watered with Hoagland’s solution and left growing in the cultivation room (16 h 

light/8 h dark) at 22 ± 2°C, while changing the solution every 3 days. 

• Spruce seeds were soaked in the tap water for 24 h at 4°C and sown in a wet vermiculite. 

Germination and seedling growth occurred in a growth chamber under long-day conditions (16 h 

light/8 h dark) at 22 ± 2°C.  
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• Gametophores from P. patens were cultured on round Petri plates (Knop medium, pH 5.8, 1.5% 

plant agar). The plates with gametophores were transferred to a cultivation chamber and vertically 

placed under long-day conditions (16 h light/8 h dark) at 22 ± 1°C. Each 3 weeks, gametophores 

were moved to a fresh medium.  

• For auxin metabolite profiling, all plant species were harvested in the growth stage 1.0 according 

to Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie (BBCH) scale (Tottman, 

1987; Lancashire et al., 1991; Boyes et al., 2001), except for P. patens which was harvested 3 weeks 

after the last transfer and moved to the fresh medium. 

 

Methods 

Extraction and purification 

• For auxin metabolite profiling,  10 mg FW of plant tissues was harvested and extracted in 1 mL of 

sodium-phosphate buffer (50 mM, pH 7.0, 4°C) containing 0.1% diethyldithiocarbamic acid sodium 

salt. The extracts were then purified by in-tip micro solid-phase extraction (in-tip µSPE) (Pěnčík et 

al., 2018; Hladík, 2020) and evaporated to dryness in vacuo. To cover analytes lost during sample 

preparation, a mixture of isotopically labelled standards was added prior to extraction. 

• Plant extracts from Arabidopsis tissues for all measured auxin analogues were prepared by an one-

step liquid-liquid extraction (LLE) utilizing a water:methanol/acetonitrile:hexane (1:1:1) solution. 

The water:methanol/acetonitrile fraction was filtered through MicroSpin tubes (0.2 μm, nylon, 

Chromservis, Czech Republic) and flow-through fraction was then evaporated in vacuo.  

 

LC-MS/MS 

• For measurement of IAA, PAA and their metabolic profiles, a high-performance liquid 

chromatography (HPLC) 1260 Infinity II system and a 6495B Triple Quadrupole LC/MS system 

equipped with Jet Stream and Dual Ion Funnel systems (Agilent Technologies, CA, USA) were 

employed. A reverse-phase column (Kinetex C18 100 Å, 50 x 2.1 mm, 1.7 μm; Phenomenex, CA, 

USA) was used to separate the compounds. The time of each analysis was 18 min, the flow rate was 

0.3 mL/min, and metabolites were eluted with a linear gradient as follows: 0 min – 10% B, 11.5 min 

– 60% B, 11.75 min – 100% B, 14.75 min – 100% B, 15 min – 10% B. Analytes were detected and 

quantified using diagnostic multiple reaction monitoring (MRM) transitions of precursor and 

appropriate product ions. The concentrations of all compounds were then calculated by the isotopic 

dilution method using corresponding stable isotope labelled standards. LC-MS/MS analysis as well 

as data processing were performed using Mass Hunter software (Agilent Technologies, CA, USA).  
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• Development of LC-MS/MS method for the analysis of newly synthesized nitrobenzoxadiazole 

(NBD) or 5-(dimethylamino)naphthalene-1-sulfonyl (DNS) labelled auxin analogues was performed 

on an Acquity UPLC® I-Class System (Waters, USA) coupled to a triple quadrupole mass 

spectrometer Xevo™ TQ-S MS (Waters MS Technologies, UK). A reverse-phase column (Kinetex C18 

100 Å, 50 x 2.1 mm, 1.7 μm; Phenomenex, CA, USA) was used for LC compound separation. The 

mobile phase consisted of acetonitrile (A) and deionized water (B), both with the addition of 0.1% 

acetic acid. The duration of each analysis was 5.5 min, flow rate 0.3 mL/min and gradient elution as 

follows: 0 min – 60% B, 3.0 min – 30% B, 4.25 min – 99% B, 4.5 min – 99% B, 5.5 – 60% B. For 

compound quantification, Arabidopsis extracts were spiked with 1 nmol of NBD- or DNS-labelled 

conjugates and samples were processed by LLE as described above. To calculate analytes losses and 

matrix effects, a six-point external calibration curve ranging from 1 fmol to 100 pmol in 10% 

acetonitrile was measured and the recovery factor of each analyte was calculated. For samples with 

unknown conjugates levels, dilution and recovery factors were applied and concentration was 

calculated from an external calibration curve.  

• 4-(2,4-dimethylphenyl)-2-(1H-indol-3-yl)-4-oxobutanoic acid (auxinole) and methyl 2-(1H-indol-3-

yl)-4-oxo-4-p-tolyl-butanoate (4pTb-MeIAA) were measured on a HPLC 1260 Infinity II system and 

a 6495B Triple Quadrupole LC/MS system (Agilent Technologies, CA, USA). The chromatographic 

reverse-phase column (Kinetex C18 100 Å, 50 x 2.1 mm, 1.7 μm; Phenomenex, CA, USA) was 

employed for analytes separation. The analysis time was 13 min, the flow rate was 0.3 mL/min, and 

the mobile phase consisted of deionized water (A) and methanol (B), both with the addition of 0.1% 

acetic acid. Gradient elution was set as follows: 0 min – 40% B, 9 min – 95% B, 9.25 min – 99% B, 10 

min – 99% B, 10.50 min – 40% B. For metabolites quantification, the same method as described in 

the previous paragraph was applied.  
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4 Survey of results 

The methodical part of this work builds upon the results obtained in the master’s thesis, where the  

LC-MS/MS method was developed for measuring the IAA and PAA metabolic profiles (Hladík, 2020). 

By utilizing this method, we made a groundbreaking discovery: two new oxIAA conjugates, namely 

oxIAA-leucine (oxIAA-Leu) and oxIAA-phenylalanine (oxIAA-Phe), were identified in plants for the first 

time. We further measured low-molecular-weight IAA metabolites, with a specific focus on oxIAA 

conjugates, in the organs of four representative monocotyledonous and dicotyledonous plants at 

different developmental stages. This investigation aimed to enhance our understanding of auxin 

metabolism during plant growth.  

In our exploration of PAA metabolites, we identified four new conjugates: phenylacetyl-leucine 

(PAA-Leu), phenylacetyl-phenylalanine (PAA-Phe), phenylacetyl-valine (PAA-Val) and phenylacetyl-1-

O-ß-d-glucose (PAA-glc). The concentrations of these new conjugates with other known PAA 

metabolites were then screened at the organ level in various plants species. To gain insights into novel 

PAA metabolic pathways, we concluded feeding experiments with PAA using Arabidopsis mutant lines 

defective in auxin metabolic regulation. Additionally, we employed kakeimide (KKI), a selective 

inhibitor of GH3 proteins (Fukui et al., 2022), in conjunction with PAA treatments in Arabidopsis, spruce 

and moss. These experiments allowed us to monitor metabolic redundancy in other plant species 

where mutant lines were not available.  

 Synthetic auxins play a crucial role in auxin homeostasis research. Many of these molecules have 

anti-auxin activity by binding to the TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX 

receptor, yet they do not trigger typical auxin responses (Hayashi et al., 2012). This group of synthetic 

auxins includes compounds such as auxinole and its analogues, as well as fluorescently labelled 

synthetic anti-auxins. Notably, these molecules have different chemical structures compared to 

endogenous auxins, necessitating the development and optimization of novel extraction and MS-

based methods. This task was particularly challenging task due to their varying polarity, size and 

stability. Importantly, the newly developed methods have enabled us to study the stability and uptake 

of selected synthetic auxins in treated plants.  

 

2-oxindole-3-acetyl-amino acids are important auxin metabolites in plants 

Recently, many studies describing the synthesis and hydrolysis of 2-oxindole-3-acetyl-amino acids 

(oxIAA-AAs) have been published (Hayashi et al., 2021; Müller et al., 2021; Isobe and Miyagawa, 2022). 

However, their distribution and importance in auxin metabolism have not been determined. 

Therefore, we employed a previously developed in-tip µSPE purification method (Pěnčík et al., 2018) 
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and subsequent LC-MS/MS analysis, to quantify oxIAA-AAs in multiple plant species and their organs 

and compare their levels with other IAA metabolites. This method was subsequently optimised and 

validated for full IAA metabolite profiling, including oxIAA-AAs (Hladík, 2020). Due to the low detection 

limit of the LC-MS/MS method, optimised MRM transitions for oxIAA-Leu and oxIAA-Phe were added 

and their occurrence screened in organs of different plant species. Their endogenous concentrations 

were observed in pea cotyledons and oxIAA-Phe also in maize cotyledons, however both at low levels, 

corresponding to low abundance of their IAA counterparts (Kowalczyk and Sandberg, 2001; Pěnčík et 

al., 2009).  

 Employing the LC-MS/MS method, we performed profiling of IAA metabolite in roots, shoots and 

cotyledons of pea, wheat and maize, and only in roots and shoots of Arabidopsis due to the large 

amount of plant material required and the technical difficulties of cotyledon harvesting. To make the 

metabolic profile of various species as comparable as possible, we harvested plants at growth stage 

1.0, according to the BBCH scale, which was developed to compare between species according to their 

phenotype (Tottman, 1987; Lancashire et al., 1991; Boyes et al., 2001). All of indole-3-acetyl-amino 

acids (IAA-AAs) and oxIAA-AAs were combined into an appropriate group and their relative (%) 

abundance to the total IAA pool was calculated. This profiling revealed significant difference in 

dominant conjugates and metabolic pathways between plant species and even their tissues. In 

Arabidopsis organs, most of the IAA was found in the form of oxIAA-glc, followed by oxIAA, 

demonstrating the importance of this pathway. On the other hand, in pea, oxIAA-AAs were completely 

dominant, as in cotyledons, oxIAA-aspartate (oxIAA-Asp) forms > 99% of the total IAA pool. 

Furthermore, we quantified the IAA metabolome in seeds of the same species, which were allowed to 

germinate for 24 hours under wet conditions (Tab. 1). Interestingly, our results indicate higher levels 

of free IAA in these seeds compared to cotyledons at growth stage 1.0, suggesting a potential 

contribution of free IAA to seed germination. Conversely, levels of IAA conjugates were lower in seeds, 

implying that cotyledons may serve as a reservoir for auxin during later developmental stages. 

In plants, auxin metabolism is an ever-changing process depending on the development and 

environmental conditions. To address these changes during plant development, we measured plants 

and their tissues in the three growth stages 1.0, 1.1 and 1.2 according to BBCH scale. These stages 

show early seedling development from the first leaf emergence to two fully developed leaves in stage 

1.2.  In all crop species, higher auxin concentrations were found in roots compared to shoots at all 

growth stages. Amide-linked conjugates were more prevailed in earlier stages and steadily decreased, 

in contrast to oxIAA-glc in monocots roots, which increased during growth. In conclusion, IAA 

metabolites levels are strongly dependent on plant development, which contributes to the proper 

auxin balance.  
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Tab. 1: IAA metabolite profiles in seeds of maize, wheat, and pea. Levels (pmol/g FW) of IAA, oxIAA and their conjugates with 

amino acids and glucose were determined in seeds of maize, wheat and pea after being left to germinate in moist conditions 

for 24 hours. The levels of IAA and oxIAA conjugates with individual amino acids (Asp, Glu, Leu and Phe) were summed up 

into two corresponding groups IAA-AA and oxIAA-AA, respectively. The distribution (%) of different conjugate classes was 

calculated as their relative abundance to the total measured IAA metabolite pool (%). All samples were measured in five 

biological replicates. <LOD, under the limit of detection. 

 

  Maize Wheat  Pea 

  (pmol/g)   (%) (pmol/g)   (%)  (pmol/g)   (%) 

IAA 6,858.6   27.31 119.5   63.14  19.2   0.01 

IAA-AA 287.8   0.00 30.7  
16.24  710.2  

0.30 

IAA-glc <LOD   - <LOD   -  <LOD   - 

oxIAA 17,311.9   68.94 39.0   20.62  170.0   0.07 

oxIAA-AA 297.0   1.18 <LOD   -  238,191.5   99.62 

oxIAA-glc 356.5   1.42 <LOD   -  <LOD   - 

 

 

All data are summarized in: Hladík P., Petřík I., Žukauskaitė A., Novák O., Pěnčík A. (2023) Metabolic profiles of 2-oxindole-3-

acetyl-amino acid conjugates differ in various plant species. Front. Plant Sci. 14, 1217421. 

 

Unravelling novel metabolic pathways in PAA metabolism 

In the field of auxin research, most attention has been dedicated to studying IAA owing to its high 

activity in auxin bioassays. Nevertheless, emerging evidence suggests that other auxins, such as PAA, 

which exhibits approximately 10% of the activity of IAA in these tests, may also play crucial roles in 

plant development. Numerous studies suggest that PAA contributes to processes such as lateral root 

development, antimicrobial activity and auxin crosstalk (reviewed in Perez et al., 2023). Despite sharing 

similarities in conjugation pathways with IAA, including involvement of the same enzymes, information 

regarding PAA metabolism remains limited (Sugawara et al., 2015; Westfall et al., 2017). We therefore 

aimed to elucidate novel conjugates and metabolic pathways associated with PAA metabolism. 

The extraction and LC-MS/MS methods developed for the profiling of IAA metabolites were also 

optimized and validated also for PAA metabolite profile (Hladík, 2020). Utilizing this method, we 

identified four new PAA conjugates: PAA-Leu, PAA-Phe, PAA-Val and PAA-glc. Although in vitro 

synthesis of PAA-glc has been reported previously (Aoi et al., 2020c), we provide the first evidence of 

its presence in Arabidopsis and spruce tissues. Furthermore, we conducted bacterial enzymatic assays 

with AtUGT84B1 and AtUGT74D1 expressed in Escherichia coli to investigate their conjugation activity 

towards PAA. Our findings demonstrate that both enzymes are capable of forming PAA-glc in vitro. 
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Finally, this was also confirmed in Arabidopsis ugt74d1 and ugt84b1 knockout lines, which exhibited 

reduced concentrations of PAA-glc compared to WT Col-0. 

 Similar experiments were also performed for the newly identified phenylacetyl-amino acids  

(PAA-AAs). These metabolites were detected in all pea tissues and also in wheat cotyledons, although 

at concentrations not surpassing 8 picomoles per gram fresh weight (pmol/g FW). These low 

concentrations mirror those of their IAA and oxIAA relatives. The potential for their synthesis in 

Arabidopsis was examined through PAA treatment, revealing their formation even after 30 minutes. 

However, their levels did not show significant increases over time, indicating rapid turnover. While the 

involvement of GH3 enzymes in PAA-Glu and PAA-Asp synthesis has been previously published 

(Sugawara et al., 2015; Staswick et al., 2017), our study demonstrates that these enzymes also form 

other PAA-AAs. Although the hydrolysis of IAA-AAs back to IAA has been documented (Bartel and Fink, 

1995; Hayashi et al., 2021), such a process has not been investigated for PAA-AAs. Utilizing bacterial 

enzyme assays with IAA-ALANINE RESISTANT 3 (AtIAR3), IAA-LEUCINE RESISTANT 1 (AtILR1), ILR1-LIKE 

2 (AtILL2), and ILR1-LIKE 6 (AtILL6) enzymes cloned in E. coli, we confirmed that PAA-Glu, PAA-Leu, 

PAA-Trp and PAA-Val can serve as substrates for these enzymes and then release free PAA. Overall, 

our findings confirm that PAA undergoes metabolic processes similar to IAA. 

 Previous studies have extensively measured PAA levels in diverse plant species and their tissues 

(reviewed in Perez et al., 2023), however our understanding of PAA metabolism is largely restricted to 

Arabidopsis. Therefore, we conducted a comprehensive analysis of known PAA metabolites across six 

species spanning from Eudicots to Bryophyta. Our findings showed that PAA-AA formation is the 

dominant metabolic pathway in all species except spruce. Conversely, in spruce, PAA glycosylation 

emerges as the preferred metabolic pathway. 

 To further elucidate the complementarity of these two metabolic pathways, we utilised Arabidopsis 

knockout lines gh3.1,2,3,4,5,6 and gh3.1,2,3,4,5,6,9,17, which lack the formation of amino acid 

conjugates depending on GH3 activity. It was hypothesised that a metabolic shift towards other 

conjugates would be induced after PAA treatment. This was successfully observed by blocking  

PAA-Asp synthesis in both lines, as there was no significant increase after PAA treatment. However, 

higher levels of PAA-Glu were detected in gh3 mutant lines compared to WT Col-0. This indicates  

GH3-independent synthesis of PAA-AA conjugates or the potential that these mutant lines are not null 

expressing lines, which is consistent with findings regarding IAA conjugates (Casanova-Sáez et al., 

2022). Despite the increases in PAA levels, PAA-glc concentrations remained unaltered compared to 

WT Col-0, suggesting no compensation in Arabidopsis. To validate this lack of complementarity in other 

species, we employed the selective GH3 inhibitor KKI (Fukui et al., 2022). Our results demonstrated a 

similar trend in spruce and Arabidopsis, with significant differences observed in PAA-AAs levels 

between PAA alone or PAA+KKI treatments. Interestingly, no difference in PAA-glc levels was noted. 
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On the other hand, KKI did not prevent PAA-Asp synthesis in P. patens, raising questions about species-

specific differences in GH3 enzymes. Moreover, PAA-glc was not detected in the moss even after PAA 

treatment, suggesting the inability to synthesize this conjugate. In conclusion, our data contribute to 

a better understanding of PAA metabolism in plants, but also highlight the potential significance of 

other as-yet-undiscovered metabolic pathways. 

All data are summarized in: Hladík P., Brunoni F., Žukauskaitė A., Zatloukal M., Novák O., Pěnčík A. (2023) Phenylacetic acid 
metabolism in plants: unravelling novel pathways and metabolites by liquid chromatography-mass spectrometry analysis. (In 
preparation) 

 

Method development for novel synthetic auxin derivatives  

Over the past decades, numerous synthetic hormone analogues, encompassing agonists, antagonists, 

or fluorescently labelled compounds, have been utilized (Jiang and Asami, 2018). These analogues 

serve as invaluable tools for investigating auxin distribution and signalling pathways. To facilitate these 

studies, several novel NBD- or DNS-labelled IAA derivatives were prepared. Remarkably, DNS-labelled 

molecules exhibited the capacity to impede IAA signalling by downregulating the expression of early 

responsive auxin genes. To validate the uptake of these compounds and their stability in planta, an 

extraction protocol and an LC-MS/MS method were developed. 

 The chosen extraction protocol employed LLE with a solvent mixture of water:acetonitrile:hexane 

(1:1:1). This extraction method, previously proven to be effective for the extraction of fluorescently 

labelled auxin analogues (Pařízková et al., 2021), was adapted and optimized for the current study. 

Subsequently, an LC-MS/MS method was developed involving the optimization of LC and MS 

conditions for each compound.  The efficacy of this method was then demonstrated by measuring the 

uptake of new fluorescent auxin derivatives by Arabidopsis plants after a 30-min treatment. Similarly, 

their stability was assessed after 1, 3 and 6 h of treatment. Overall, these studies revealed a good 

uptake of all compounds by Arabidopsis roots, albeit with poor stability observed over longer 

treatment durations, suggesting their suitability for short-term experimental applications. 

All data are summarized in: Bieleszová K., Hladík P., Kubala M., Napier R., Brunoni F., Gelová Z., Fiedler L., Kulich L., Strnad 
M., Doležal K., Novák O., Friml J., Žukauskaitė A. (2024) New fluorescent auxin derivatives: anti-auxin activity and 
accumulation patterns in Arabidopsis thaliana. Plant Growth Regul. 102, 589-602.  
 

The structural similarity of synthetic auxin analogues poses a challenge for their separation and 

highlights the need for innovative analytical approaches. To address this, we employed desorption 

electrospray ionization coupled with ion mobility mass spectrometry imaging (DESI-IM-MSI) to 

visualize and separate selected isomers. Specifically, two isomers, auxinole and 4pTb-MeIAA, were 

administered to Arabidopsis plants, quantified using DESI-IM-MSI and LC-MS/MS techniques, and the 

results obtained were compared. 
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Therefore, we developed and optimized LLE protocols and LC-MS/MS methods for both 

compounds. Subsequently, administered to Arabidopsis plants were treated with auxinole and 4pTb-

MeIAA, and their levels were measured using LC-MS/MS or DESI-MSI with or without ion mobility 

separation. Additionally, IAA metabolic profiles were also analysed using these MS-based techniques, 

with quantification performed either pmol/g FW or by calculating the area under the curve for the 

chromatographic peaks of each analyte. These quantitative data were then compared across all three 

MS methods. Ultimately, DESI-IM-MSI emerged as a promising technique for isomer separation that 

offers high spatial resolution imaging of low-molecular-weight compounds from tissues such as 

Arabidopsis roots. 

All data are summarized in: Zhang C., Bieleszová K., Žukauskaitė A., Hladík P., Grúz J., Novák O., Doležal K. (2024) In situ 
separation and visualization of isomeric auxin derivatives in Arabidopsis by ion mobility mass spectrometry imaging. Anal 
Bioanal Chem. 416(1), 125-139. 
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5 Conclusion and future perspectives 

This doctoral thesis aims to broaden our understanding of auxin metabolism in various plant species 

and their organs.  Through the application of LC-MS/MS methods, several novel conjugates of two 

auxins, IAA and PAA, together with their metabolic pathways, were identified. Additionally, the 

development of extraction and detection methods for newly synthesized synthetic auxins with anti-

auxin activity enabled the measurement of their uptake and stability in planta. 

 

The key results obtained in this thesis include the following: 

 

• Utilizing the LC-MS/MS detection methods, novel oxIAA and PAA amino acid conjugates were 

identified for the first time in planta. 

• Analysis of auxin metabolic profiles in organs of various plant species at different growth 

stages facilitated the elucidation of dominant metabolic pathways during seedlings 

development.  

• The enzymes responsible for PAA conjugation with amino acids and glucose in planta have 

been characterised. Moreover, the interrelationship of these metabolic pathways was 

explored in Arabidopsis, spruce and moss, indicating the potential existence of additional 

unexplored pathways. 

• New extraction and LC-MS/MS methods were developed for NBD- and DNS-labelled auxins 

with anti-auxins activity and employed to measure their stability and uptake by Arabidopsis 

roots. 

• A new DESI-IM-MSI method was developed for in situ imaging of two synthetic auxin isomers, 

auxinole and 4pTb-MeIAA. Quantitative results were then compared with a conventional  

LC-MS/MS approach, highlighting the potential of high spatial resolution imaging of low-

molecular-weight compounds by the DESI-IM-MSI. 

 

In summary, the results presented in this thesis should help to understand auxin homeostasis in plants 

as well as their organs and cells. In the future, follow-up experiments could explore whether these 

novel metabolites and biosynthetic pathways play roles in plant responses to environmental stimuli, 

such as biotic or abiotic stresses. Additionally, considering the insights gained from measuring PAA 

metabolism complementarity, further screening for additional PAA conjugates should be performed.  
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8 Souhrn (Summary in Czech) 

Název disertační práce: 

Studium metabolismu auxinů na orgánové úrovni 

V posledních letech bylo učiněno velké množství objevů objasňujících metabolismus auxinů, které 

rozšířili informace o jejich konjugátech a katalyzujících enzymech. Nicméně většina tohoto výzkumu je 

spojena pouze s jedním auxinem – IAA a Arabidopsis thaliana jako modelovou rostlinou. Proto se tato 

dizertační práce zaměřuje na metabolismus dvou endogenních auxinů (IAA a PAA) napříč vyššími 

rostlinami a jejich orgány.  

 Pomocí LC-MS/MS metody byly v rostlinách poprvé identifikovány nové konjugáty oxIAA a PAA  

(oxIAA-Leu, oxIAA-Phe, PAA-Leu, PAA-Phe, PAA-Val a PAA-glc), a následně bylo provedeno metabolické 

profilování těchto dvou auxinů v orgánech několika druhů rostlin od krytosemenných (Magnoliophyta) 

po mechy (Briopsida), a to v několika vývojových stádiích. Toto měření ukázalo dominantní 

metabolické dráhy během raného vývoje a prokázalo, že hladiny IAA konjugátů jsou silně závislé na 

vývojovém stádiu. 

 Během výzkumu PAA metabolismu byly charakterizovány enzymy zodpovědné za konjugaci PAA 

s aminokyselinami a glukózou.  Stejně jako u IAA, jsou za katalýzu syntézy PAA-AA zodpovědné enzymy 

z rodiny GH3, a tyto konjugáty jsou poté zpětně hydrolyzovatelné na aktivní PAA pomocí enzymů 

AtIAR3, AtILL2, AtILL6 a AtILR1. Přestože syntéza PAA-glc byla již prokázána in vitro (Aoi et al., 2020), 

naše výsledky poprvé ukázaly její přítomnost v rostlinách. Bakteriální enzymatické testy a studium 

hladiny PAA-glc v mutantních liniích Arabidopsis poukázali na její syntézu pomocí enzymů UGT84B1 a 

UGT74D1, které jsou také zodpovědné za glykosylaci IAA a oxIAA. Při měření komplementarity těchto 

dvou metabolických drah bylo zjištěno, že při blokování jedné z nich nedochází ke kompenzaci druhou, 

což naznačuje potencionální existenci dalších neprozkoumaných drah.  

 Další částí této práce byl vývoj extrakčních a detekčních metod pro nově syntetizované 

fluorescenčně značené auxiny s anti-auxinovou aktivitou, které umožnily měření jejich příjmu kořenem 

a stability v rostlině. Tyto extrakční a LC-MS/MS metody byly také vyvinuty pro isomery auxinů 

(auxinole a 4pTb-MeIAA) a použity pro měření jejich koncentrace v rostlinách po ošetření těmito 

látkami. Tyto tradiční metody byly poté porovnány s DESI-IM-MSI měřením a prokázaly potenciál 

tohoto nového přístupu pro měření nízkomolekulárních látek ve vysokém prostorovém rozlišení.   

 V souhrnu by tyto výsledky měly vést k lepšímu porozumění homeostáze auxinu ve vyšších 

rostlinách a jejich orgánech. V budoucnu by mohly být provedeny experimenty, které by určily, zda 

tyto nové metabolity a dráhy hrají roli v reakcích rostlin na environmentální podněty, včetně biotického 

nebo abiotického stresu. Dále, jak naznačují výsledky získané měřením komplementarity metabolismu 

PAA, by měl být proveden screening potenciálních nových konjugátů. 
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