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Indole-3-acetic acid (IAA) is the most important member of the group of phytohormones
known as auxins, which regulate many aspects of plant growth and development. The
concentration of IAA in cells and tissues is controlled by various mechanisms, including de novo
biosynthesis, synthesis and hydrolysis of IAA conjugates, conversion of IAA to indole-3-butyric
acid (IBA), and oxidative degradation. This thesis deals with those conjugates of indole-3-acetic
acid in which IAA is coupled through its carboxyl group to an amino acid.

The aim of this thesis was to develop an efficient, specific and sensitive analytical method
suitable for the isolation and quantification of indole-3-acetic acid and its amino acid conjugates
in diverse plant materials. To achieve this, a specific immunoaffinity extraction procedure was
developed and implemented into an analytical protocol starting with a phosphate-buffer-based
extraction followed by a Solid-Phase Extraction (SPE) and ending up with the final analysis
done by High-Performance Liquid Chromatography coupled to tandem Mass Spectrometry (LC-
MS/MS).

The protocol allows routine quantification of IAA and seven amino acid conjugates in
samples as small as 20 mg fresh weight, with overall quantitative recovery ranging between 30
and 70 per cent. The limits of detection of the final analysis, based on the use of heavy-labeled
internal standards, vary typically around 1 fmol per injection.

The developed analytical protocol was successfully used to quantify IAA and seven amino
acid conjugates in immature seeds of the Christmas rose (Helleborus niger L.). Three of these
conjugates were isolated and identified for the first time in higher plants. Currently, the method
is being routinely used for the study of IAA and its derivatives in a variety of plant materials,
which is documented by the enclosed articles published in scientific journals.
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ABP1 Auxin-Binding Protein

BSA Bovine Serum Albumin
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1. Introduction

The sweeping recent developments in modern analytical methods and instrumentation have
made an enormous contribution to our understanding of the complexities of plant growth and
development at all levels, from the subcellular to that of the whole plant. Thanks to these
dramatic technological advances, phenomena and processes until recently hidden from us are
now being revealed in ever-increasing detail. Our growing ability to investigate the minutiae of
plant processes, however, presents us with an ever increasing array of novel questions, the
answers to which require the effort and collaboration of plant biologists from many specialized
disciplines including molecular biology, biochemistry, genetics, physiology and cell biology.
Each of them uses his/her own specialized tools and methods to yielding appropriate
information. Among the specializations of critical importance, the development of new and
sophisticated techniques of chemical analysis has a crucial part to play. Nowhere are these
developments more crucial than in the study of the chemical signals which regulate plant growth
and development, particularly the so-called phytohormones.

All the phytohormones — the major classes of which are auxins, cytokinins, gibberellins,
abscissic acid, brassinosteroids and ethylene — act at very low concentrations. The disparity
between the amounts of phytohormone present and all the other components forming the plant
organism is immense. Thus, the isolation, identification and quantification of phytohormones is
extremely difficult and represents a highly challenging task requiring advanced instrumentation
as well as deep understanding of the nature of the particular phytohormone and of the plant
material in which it is found.

This doctoral thesis describes the development of a specific and sensitive analytical
protocol suitable for the isolation, quantification and identification of one important group of plant

hormones, namely the auxins.



2. Aims and scopes

Because of the extremely low quantities of phytohormones typically present in plants, the
analytical chemistry which aims to measure these naturally occurring compounds is regarded as
so-called “trace analysis”. As such, it necessitates the use of sensitive up-to-date
instrumentation. In this investigation, a sensitive and selective combination of (Ultra-) High
Performance Liquid Chromatography (HPLC or UHPLC) and tandem mass detection (MS/MS)
often comes into use.

However, even state-of-the-art instrumentation does not necessarily ensure efficient
phytohormone analysis due to the enormous complexity of the plant material from which the
phytohormone must be extracted. Many elaborate purification steps are necessary before the
final analysis in order to successfully overcome the problems presented by the plant matrix.
One way of avoiding such a time-consuming sample preparation is to use a simple, highly
specific immunoaffinity purification method.

The above-mentioned problems apply with particular force to the group of phytohormones
known as auxins, which are easily degradable by components of plant matrix and by light.

Hence, the objectives of this doctoral thesis were:

1. To prepare and characterize polyspecific anti-IAA antibodies and to develop and

optimize an immunoaffinity extraction method for the isolation of IAA and its derivatives.

2. To develop and optimize an analytical protocol based on immunoaffinity extraction,

combining the method with solid-phase extraction and LC-MS/MS final analysis.

3. To apply the developed protocol to the study of IAA and its amino acid conjugates in

diverse plant species.



3. Literature review

3.1. Indole-3-acetic acid (IAA) and auxins

Auxins are biologically active low-molecular-weight compounds with similar physiological
effects on plant growth and development (see Chapter “Auxin Biology”). All auxins are weak
organic acids with an aromatic skeleton. Most of the naturally occurring auxins such as indole-3-
acetic acid (IAA), indole-3-butyric acid (IBA) and 4-chloroindole-3-acetic acid (4-CI-IAA) are
based on an indole ring; only one non-indolic auxin - phenylacetic acid (PAA) - has been
identified in plants (Wightman & Lighty, 1982). However, a couple of synthetic non-indolic

substances with auxin-like activity are used in both research and in the commercial field (Fig. 1).
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Figure 1. Naturally occurring compounds with auxin activity (A) and examples of synthetic

auxins (B).



The predominant naturally-occurring auxin is indole-3-acetic acid (IAA; sometimes called
simply “auxin”, though the name “heteroauxin” may also be found in literature). In addition to
higher plants, IAA has been found in algae (Crouch et al., 1991), bacteria (Prinsen et al., 1998)
and fungi (Ek et al., 1983). The chlorinated derivative of IAA — 4-chloroindole-3-acetic acid —
has been detected in several plant species and exhibits high activity in some auxin bioassays
(Reinecke, 1999). Low endogenous levels, weak activity and specific spatial distribution of
phenyl acetic acid within the plant suggests that it does not play a considerable role as an auxin
or it has a specific, up to now unknown, function (Ludwig-Mduller & Cohen, 2002). The principle
of auxin-like effects of indole-3-butyric acid remains unclear. There is some evidence to indicate
that IBA does not act directly, but only after biochemical conversion to IAA (Bartel et al., 2001).
Reversible conversion of IBA and IAA is involved in maintenance of auxin homeostasis

(Chapter 3.1.2.).

3.1.1. Auxin biology

The name given to this class of plant hormones, “auxins” (originating from the Greek
"auxein", meaning "growth"), well describes the biological actions of these compounds. They
are involved in the regulation of practically all aspects of plant growth and development. The
concept of a mobile, growth-regulating “stimulus” was first proposed by Charles Darwin, who
observed that the bending of coleoptiles toward a light source involved light perception at the
coleoptiles tip and a growth response some distance from the tip (Darwin, 1880). The existence
of a growth-affecting substance in coleoptile tips was demonstrated by Fritz Went. He applied
agar blocks containing diffusates from coleoptile tips (auxin) on decapitated Avena coleoptiles,
which resulted in their growth (Went, 1926). In relation to the topic of this thesis it is interesting
to note that Went was the author of the first quantitative method for auxin estimation. Using
asymmetrically placed agar blocks containing auxin on coleoptiles, he demonstrated that the
resulting curvature of the coleoptiles was proportional to the concentration of auxin in the block
(Went, 1928).

Thanks to this assay, it is known today that auxin is transported basipetally within the stem

from the tip, and that it promotes coleoptile elongation and mediates response to directional
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light and gravitational stimuli. Subsequent experiments involving especially exogenous
application of the hormone and the study of several auxin mutants revealed the complexity of
auxin action. Auxin strongly affects root development, inhibiting root elongation and inducing
root branching. It mediates the asymmetric growth responses of roots to gravitational stimuli
and it is involved in embryo development, vascular tissue differentiation, fruit ripening and
abscission. In some species it also plays a role in flowering. At the cellular level, auxin promotes
both cell elongation and division. For many physiological responses, interaction of auxin with
other hormones is important. It is well known that auxins and cytokinins have inverse effects on
root and shoot development. Auxins also affect the biosynthesis of other hormones, especially
cytokinins and ethylene. General aspects of the biological effects of auxin were reviewed by
Davies et al. (1995; 2004).

A major challenge in auxin research has been to identify an auxin receptor and other
components involved downstream in auxin signal transduction. A single protein with strong
affinity to auxin — auxin-binding protein (ABP1) — has been found in several plant species
(Hertel et al., 1972; Palme et al., 1992). Although there is evidence that ABP1 is connected with
some physiological responses such as cell elongation — and it is known that the abp1 loss-of-
function mutant is lethal (Chen et al., 2001) — the integration of ABP1 into a complete signal
transduction pathway has not been established. Recent genetic investigations led to the
discovery of a new auxin signaling pathway in which ABP1 is not included. Here, auxin interacts

directly with TIR1 protein, a member of the multi-protein complex SCF™"

. This complex
mediates ubiquitination of transcriptional repressors (AUX/IAA) with subsequent degradation of
these proteins on proteasome resulting in expression of specific auxin-responsive genes
(Paciorek & Friml, 2006).

Crucial for many developmental processes are local gradients of auxin within the plant
(Benkova et al., 2003). The asymmetric distribution results from interaction between synthesis,
metabolism and directional transport of auxin. The direction of flow is determined by the
distribution of PIN proteins, auxin efflux transport carriers (Morris et al., 2004). Dynamic

changes in subcellular localization of PINs are caused by endosomal recycling, which is

strongly regulated by auxin itself (Paciorek et al., 2005).
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3.1.2. Biosynthesis and metabolism

Biochemical pathways contributing to the control of free IAA levels within plant tissues

include de novo biosynthesis, synthesis and hydrolysis of IAA conjugates, conversion of IAA to
IBA, and oxidative degradation (Fig. 3).
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Figure 2. Putative pathways of IAA biosynthesis in plants (adopted from Woodward & Bartel,
2005).

All plant tissues, including roots, are capable of synthesizing IAA. Nevertheless, young
leaves are the main source of de novo synthesized auxin (Ljung et al., 2001; 2005). Several
pathways leading to IAA have been described, some of them involving tryptophan as an
intermediate while others are tryptophan-independent. The shikimate biosynthetic pathway is a

common source of the indole ring. Potential IAA biosynthetic pathways comprising identified
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enzymes with appropriate genes are depicted in Figure 2. An indole-3-acetamide (IAM) pathway
and an indole-3-pyruvic acid (IPA) pathway are also present in some microorganisms (Koga,
1995; Patten & Glick, 1996) and the respective intermediates have also been found in
Arabidopsis (Pollman et al., 2002; Tam and Normanly, 1998). In other tryptophan-dependent
pathways, indole-3-acetaldoxime (IAOx) is a key intermediate. Tryptophan may be converted to
IAOx directly (IAOx pathway) or via tryptamine (tryptamine pathway). Subsequent steps leading
from IAOx to IAA may include indole-3-acetaldehyde (IAAId) or indole-3-acetonitrile (IAN) as an
IAA precursor (Cohen et al., 2003). In addition, tryptophan-independent IAA biosynthesis was
revealed by Normanly et al. (1993), branching from indole-3-glycerol phosphate or indole. Thus,
the biosynthetic pathways leading to IAA are very complex and the relative importance of each
pathway varies depending on plant species.

Crucial for the homeostatic control of auxin levels in the plant, a requirement for precise
hormone action, is IAA inactivation. This may either be irreversible by direct oxidation of IAA, or
reversible by conversion of IAA to IBA or by the formation of various conjugates (see Chapter
3.1.3.) The major product of IAA oxidation — oxindole-3-acetic acid (OxIAA) — has repeatedly
been detected in plants at high concentrations, indicating the importance of oxidative
degradation in IAA metabolism (Kowalczyk & Sandberg, 2001; Bandurski et al., 1995). OxIAA
can be further modified by its conjugation to hexose and/or by hydroxylation (Ostin et al., 1998).

IAA can be converted to indole-3-butyric acid (IBA), which may contribute to IAA inactivation
and affect IAA pool in the plant. For a long period, IBA was considered to be a synthetic auxin,
widely employed commercially as a rooting enhancer. However, several studies have shown
that IBA occurs naturally in plants (Epstein & Ludwig-Mdiller, 1993; Ludwig-Miller & Cohen,
2002). The activity of IBA synthase, which catalyzes the synthesis of IBA from IAA, is influenced
by diverse endogenous and environmental factors, such as light and osmotic stress
(Ludwig-Mdiller, 2000). IAA can be resynthesized from IBA by a process similar to fatty acid
-oxidation (Bartel et al., 2001). Although there have been many studies of IBA and its function

in plants, the relative importance of the IBA pathway in auxin metabolism remains obscure.
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Figure 3. Potential pathways of IAA metabolism and degradation.

3.1.3. IAA conjugates

Free indole-3-acetic acid represents only approx. 1% of the total IAA in Arabidopsis
seedlings. The bulk of the auxin is present in conjugated forms in which IAA is joined to other
molecules through either ester or amide linkages (Tam et al., 2000). Such conjugates not only
play an important role in IAA homeostasis but also act as non-active transport forms of auxin
and are a major source of active auxin, especially during seed germination and seedling
development. Although the profile of IAA conjugates may differ from species to species,
conjugates are so widely distributed that it is clear that IAA conjugation is a common
phenomenon across plant kingdom.

In many plant species including Arabidopsis, a large proportion of the conjugated IAA is
represented by high-molecular-weight forms. IAA-modified macromolecules, including proteins
and polysaccharides, play a role in the storage of both auxin and amino acids or sugars which
can be released during seed germination and early seedling development. IAA-modified protein
(IAP1) was identified in bush bean seeds (Walz et al., 2002). The gene iap1 is expressed during
seed development and the degradation of the protein increases dramatically after germination is

initiated. In addition, the ester conjugates IAA-myo-inositol (IAlnos), IAA-myo-inositol glycosides
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and IAA-glucans are the main IAA storage conjugates in germinating maize kernels (Bandurski
et al., 1995). IAInos does not undergo hydrolysis in the kernel, but is rapidly transported to the
growing region of the shoot. The main precursor of sugar conjugates in maize kernels is
1-O-D-1AA-glucose (IAGIc), formed from IAA and UDP-glucose by the enzyme UDP-glucosyl
transferase (Slovin et al., 1999). In Arabidopsis, low levels of IAA-glucose were found (Tam et

al., 2000) as well as a homologue of maize glucosyl transferase (Jackson et al., 2001).
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Figure 4. Low-molecular-weight conjugates of I1AA.

In addition to storage proteins and sugar IAA storage conjugates, single amino acid
conjugates are also present in plants. Although low-mass amide-linked conjugates represent
only small part of total IAA pool (Ljung et al., 2002), their formation and hydrolysis may strongly
contribute to the control of IAA homeostasis at the cellular and subcellular level. Conjugates
with aspartate (IAAsp) and glutamate (IAGlu) usually occur at relatively high concentrations.
Conjugates with other amino acids, such as alanine (IAAla), glycine (IAGly), leucine (IALeu),
phenylalanine (IAPhe) and valine (IAVal), have also been identified but their levels in plant
tissues are significantly lower (Kowalczyk and Sandberg, 2001; Matsuda et al., 2005; P&ncik et
al., 2009; Tam et al.,, 2000). This difference is probably caused by the specificity of IAA
amidohydrolases; IAAsp and IAGIu are not favored substrates (LeClere et al., 2002). While the

other conjugates may be reversibly converted to IAA, IAAsp and IAGlu serve as degradation
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intermediates. Enzymes responsible for the conjugation of IAA to amino acids have been
characterized in Arabidopsis. They are encoded by auxin-induced genes, members of the GH3
gene family (Staswick et al., 2002). Thus the regulation of IAA release and IAA homeostasis are

under feed—back control by IAA levels themselves.

3.2. Auxin analysis

The analysis of IAA and its conjugates is a difficult task which presents a number of
problems. Their concentrations in plant tissues are usually quite low — typically tens of picomols
per gram fresh weight for IAA and even two or more orders less for IAA conjugates. These
compounds are also relatively unstable and easily undergo degradation or interconversion.
Furthermore, plant material is a very complex matrix which constitutes a reactive environment
containing enzymes and radicals which can easily degrade the analytes. Rapid progress in the
development of analytical instrumentation during the last two decades has played an important
part in helping to overcome some of problems inherent in phytohormone analysis; thus it is now
possible to quantify auxins with great accuracy and reproducibility in even a few milligrams of

fresh plant material.

3.2.1. Extraction and purification

A sample of plant tissue designated for auxin analysis has to be homogenized first and
subsequently extracted with a suitable solvent, such as absolute (Ostin et al., 1998), 90%
(Peters et al., 2000) or 80% (Sundberg, 1990) methanol. Other widely used extraction solvents
are acetone (Bandurski & Schulze, 1974) or a 70% solution of acetone (Sundberg, 1990).
However, anhydrous organic solvents such as acetone or diethylether are unsuitable for the
extraction of I1AA from lyophilized plant tissue due to their poor penetration of the dried material.
Consequently, they do not extract the analyte effectively and results of analyses are biased
(Sundberg, 1990). Organic solvents are primarily used because of the greater solubility of the
analyte in such solvents. However, such organic solvents also readily extract interfering

compounds such as pigments, lipids and other non-polar ballast substances which can strongly
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contaminate the extracts. Hence, a buffer of neutral pH is alternatively employed in auxin
extraction (Nordstrom & Eliasson, 1991). However, it is necessary to bear in mind that chemical
degradation and/or enzyme activation leading to metabolic changes, such as conjugate
hydrolysis, may occur in an aqueous environment. Buffer extraction must therefore be
performed at low temperatures. Reduction of extraction time to a minimum and the use of
antioxidants are also reasonable precautions (Hofinger, 1980; Ernstsen et al., 1986).

After extraction, the crude extract has to be freed of interfering compounds such as lipids,
proteins and pigments, in order to obtain a sample of sufficient purity for the final analysis.
Nowadays, SPE (Solid Phase Extraction) is the most popular purification technique in plant
hormone research because of its efficiency and high-throughput. One of the sorbents widely
used for IAA purification is a non-polar C18 phase (Matsuda et al., 2005; Hou et al., 2008).
Purification based on ion exchange combined with reverse phase is also very effective (Dobrev

et al., 2005).

3.2.2. Immunoaffinity purification

Radioimmunoassay (RIA; Weiler, 1981) and Enzyme-Linked ImmunoSorbent Assay
(ELISA; Weiler et al., 1981) have been successfully used for the quantification of IAA for some
time. Recently, immunoassays have been replaced by more efficient instrument-based
techniques, especially High-Performance Liquid Chromatography (HPLC) coupled to Mass
Spectrometry (MS). Nevertheless, it remains advantageous to use antibodies in sample
preparation. Immuno-based sample purification represents a unique tool for trace analysis
thanks to its great specificity and selectivity, particularly in combination with powerful
instrumentation. Hence, it is frequently employed in phytohormone analysis. Immunoaffinity
purification has been utilized in protocols for the quantification of various plant hormones
including cytokinins (Prinsen et al., 1998; Redig et al., 1996; Novak et al., 2003; Hauserova et
al., 2005), abscisic acid (Kannangara et al., 1989; Hradecka et al., 2007) and auxins, based on

both polyclonal (Sundberg et al., 1986) and monoclonal antibodies (Ulvskov et al., 1992).

17



3.2.3. Instrumental methods

For the final analysis of indole-3-acetic acid, a range of instrumental techniques was used.
Aside from HPLC coupled to UV or fluorimetric detection (Crozier et al., 1980), the most widely
utilized method is a combination of gas or liquid chromatography with mass spectrometry (GC-
MS; LC-MS). As an alternative to chromatographic methods, capillary electrophoresis may be
used, for instance in combination with a fluorimetric detection (Bruns et al., 1997).

Gas chromatography combined with mass detection is a powerful tool allowing
quantification of IAA in samples as small as 0.1 mg fresh weight (Ljung et al., 2001). Prior to
separation by gas chromatography, IAA must be derivatized, which is most frequently done by
methylation (Schneider et al., 1985) or trimethylsilylation (Edlund et al., 1995). However, such a
derivatization step considerably extends an analytical protocol. High performance liquid
chromatography coupled to mass spectrometry (HPLC-MS) is therefore more and more widely
employed in IAA analysis, especially when high throughput is required. Very high sensitivity and
selectivity is characteristic for HPLC coupled to tandem mass detection (MS/MS) based either
on an ion trap (Prinsen et al., 1998; Ma et al., 2008) or triple quadrupole (Chiwocha et al.,
2003). Such a configuration is efficient for quantification of IAA as well as less abundant IAA
metabolites. IAA conjugates with some amino acids were detected by HPLC-ESI-MS/MS in rice
(Matsuda et al., 2005).

If the liquid chromatography is used to separate analytes, their derivatization is not
essential; nevertheless, it may substantially improve the separation and enhance ionization in
the source block of a mass spectrometer, resulting in a higher sensitivity of the method and
lower limits of detection. Using HPLC-MS technique with prior derivatization, IAA conjugates
with alanine (IAAla) and leucine (IALeu) were quantified at femtomolar levels in Arabidopsis

(Kowalczyk & Sandberg, 2001).
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4. Materials and methods

Polyclonal anti-IAA antibodies were raised in the Laboratory of Growth Regulators,

Olomouc, Czech Republic, and tested by ELISA, as described by Jiraskova et al. (2009).

The developed analytical protocol for the isolation and quantification of IAA and its amino
acid conjugates, as well as the materials and instrumentation used, are described in a paper by

Péncik et al., 2009 (Supplement I).

The plant materials studied by the developed analytical protocol were as follows:

- Immature seeds of the Christmas rose (Helleborus niger); in a research performed by
Péncik et al. (2009, see Supplement ).

- Seedling parts and hypocotyl subsections of Bugle Lily (Watsonia lepida). For further
details, see Supplement Il (Ascough et al., 2009).

- Lyophilized samples of two seaweeds: Ulva fasciata (Chlorophyta) and Dictyota humifusa
(Phaeophyta). The detailed description can be found in Supplement Il (Stirk et al., 2009).

- Root tips of 1 mm in length of three different genotypes of Arabidopsis thaliana (Zhang et

al., 2010; enclosed as Supplement 1V).
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5. Survey of results

5.1. Analytical protocol for the isolation and quantification of indole-

3-acetic acid (IAA) and its derivatives

5.1.1. Anti-lAA antibodies and immunoaffinity purification

The aim of this thesis was to develop an analytical protocol suitable for the isolation and
quantification of indole-3-acetic acid (IAA) and its derivatives; among them, preferentially IAA
conjugates with amino acids. To achieve this, a specific immunoaffinity extraction procedure
was developed and implemented into the protocol, thus allowing very efficient single step
purification prior to the final analysis which was done by liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS).

The specificity of immunoaffinity purification is based on a unique interaction between
antibodies coupled to a solid support (sorbent) and antigens (i.e. analytes) against which the
antibodies were raised. This means that all the other compounds contained in a raw or pre-
purified plant extract are easily removed or their content substantially reduced as they are
simply washed out of the immunoaffinity sorbent. Such purification is successfully used in the
analysis of both natural and synthetic compounds in biological samples (for review, see Tsikas,
2010).

To raise antibodies discriminating only the indole ring regardless of its substitution in
position 3, rabbits were immunized with an IAA-BSA conjugate prepared by linking indole-
3-acetic acid to the protein through its carboxyl group (IAA-C1°-BSA), as described earlier
(Ulvskov et al., 1987; Weiler, 1981). The obtained antibodies were characterized by ELISA and
their expected wide specificity (polyspecificity) was confirmed: Cross-reactivities of IAA and its
amino acid conjugates, tested after they were transformed into their methyl esters, ranged
between 85 and 140 per cent. (The values found for free acids were, however, lower by one
order, which is in full accordance with previous experience which indicates that free acids have

to be methylated before they are subjected to an antibody-antigen interaction.)

20



The antibodies were purified and an immunoaffinity gel was prepared. It was tested for
capacity and recovery by applying various amounts of indole-3-acetamide which is not volatile —
in contrast to the methyl ester of IAA. The capacity was found to vary around 3 nmol per column
(containing approximately 150 pl of immunoaffinity gel), with recovery between 95 and 100 per

cent.

5.1.2. Identification and quantification of IAA and its conjugates in seeds of the
Christmas rose (Helleborus niger L.)

The developed immunoaffinity extraction was integrated into a complex analytical protocol
starting with a phosphate-buffer-based extraction followed by a Solid-Phase Extraction and
ending up with LC-MS/MS final analysis.

The SPE was adopted from a protocol for free IAA extraction kindly provided by Karin Ljung
(Umed Plant Science Center, Sweden). Its correct operation was verified for all the
3-substituted indole standards in use (IAA and its conjugates with Asp, Glu, Ala, Gly, Leu, Phe,
and Val; and also IEt: indole-3-ethanol; IAM: indole-3-acetamide and IAN: indole-3-acetonitrile).

As for the final analysis by liquid chromatography, a base-line separation was achieved in a
linear gradient of aqueous methanol containing formic acid (1%; v/v). All accessible parameters
of MS/MS detection were optimized and are listed in an enclosed paper (Suppl. /).

The analytical protocol, based on a string of respective techniques (extraction — SPE —
methylation with diazomethane — immunoaffinity purification — LC-MS/MS), was thoroughly
optimized and tested on both standards alone and on various types of spiked plant material. It
turned out to be robust enough to ensure overall quantitative recovery of between 30 and 70 per
cent. Using this protocol, typical amounts of plant tissue recently used for analysis of IAA and its
conjugates have been reduced to as little as between 15 and 30 mg fresh weight. All the
compounds routinely analyzed are quantified by using corresponding heavy-labeled internal
standards.

Using this protocol, the content of endogenous IAA and its conjugates was studied in
immature seeds of Helleborus niger L. (the Christmas rose), where preliminary estimation

indicated very high levels of free IAA. In this material, the profile of the quantified conjugates
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was similar to those described before in Arabidopsis thaliana (Tam et al., 2000; Kowalczyk &
Sandberg, 2000) and rice (Matsuda et al., 2005).

Besides successful quantification, three novel I1AA conjugates with the following amino
acids: Gly, Phe and Val, previously not described in higher plants, were identified in Helleborus

niger seeds (Fig. 5). Thus the superior parameters of the developed method were confirmed.
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Figure 5. Novel IAA amino acid conjugates discovered in Helleborus seeds by Péncik et al.

(Supplement I)

5.2. Quantification of IAA and its derivatives in Watsonia lepida seedlings

(Supplement II)

The paper by Ascough et al., 2009 (Supplement 1) describes an example of successful
application of the developed method in biological research. In this, auxins as well as cytokinins
were studied and their level compared with cell division activity and in vitro regeneration of

Watsonia lepida seedling parts and hypocotyl subsections.
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To quantify auxins, samples consisting of 10 mg of Iyophilized tissue were analyzed. This
amount was based on a rough assessment of water content in the plant material; for 70 to 80
per cent it would correspond approximately to 30 to 50 mg fresh weight.

Of the seven IAA amino acid conjugates detected by the developed method, only those with
aspartic and glutamic acids were found, and in quantities which were significantly lower than
that of free IAA, which ranged between 100 and 600 pmol per gram of dry weight. In addition to
free 1AA and these amino-acid conjugates, indole-3-acetamide and indole-3-ethanol were also
identified in the seedlings. The highest concentrations of both auxins and cytokinins were found
in the hypocotyl subsection characterized by the highest cell division activity. However, the
highest regeneration response in vitro was achieved in a different region of the hypocotyl (i.e.
different hypocotyls subsection) which had fewer dividing, but more developmentally plastic,

cells.

5.3. Study of annual variation of auxins in seaweeds (Supplement Ill)

Another powerful demonstration of robustness typical of a complex analytical protocol
based on a highly-specific immunoaffinity purification is afforded by the work described in the
paper by Stirk et al., 2009 (Supplement Ill). In this, we monitored variations in endogenous
auxins, cytokinins and abscisic acid in two seaweeds: Ulva fasciata (Chlorophyta) and Dictyota
humifusa (Phaeophyta) bimonthly over a one-year period,

In this example, the biological material to be analyzed was characterized by a high content
of ballast compounds, resulting in an SPE-purified extract with an atypically dark brown color.
The presence of high amounts of reactive compounds was further indicated by excessive
amount of diazomethane required for successful methylation of the sample. The high efficiency
of the subsequent immunoaffinity purification was corroborated by the fact that the peak areas
of respective internal standards corresponded to their peak areas typically measured in other

types of plant material.
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Of the auxins recovered from the seaweed species studied, only IAA and indole-
3-acetamide were quantified, reaching their maxima in March and September (Ulva fasciata)

and in May and November (Dictyota humifusa). For further details, see Supplement IlI.

5.4. Quantification of IAA in Arabidopsis thaliana root tips (Supplement V)

Indole-3-acetic acid plays a crucial role in driving plant growth along the apical-basal axis.
Based on the directional flow of IAA, axial growth and development is closely tied to the polar
localization of PIN transporters on the plasma membrane.

In a paper by Zhang and coworkers published in 2010 (Supplement V), the influence of
PIN1 phosphorylation at Ser337/Thr340 in its central hydrophilic loop has been studied. By site-
directed mutagenesis, these amino acids were both replaced either with Ala (which cannot be
phosphorylated) or Asp (the carboxylate of which simulates a phosphate group). GFP-facilitated
visualization revealed the predominantly basal localization of PIN1 proteins in the case of
PIN1-GFP(Ala) and non-polar or basal-to-apical shift in the case of PIN1-GFP(Asp). As a result,
the DR5-visualized auxin response was higher in PIN1-GFP(Ala), but lower in PIN1-GFP(Asp)
roots, compared to the PIN1-GFP genotype. These findings were further confirmed by using the
developed analytical method for the quantification of free IAA in corresponding root tips.

To analyze indole-3-acetic acid, approximately 20 root tips of 6-day-old seedlings of three
genotypes were harvested and extracted for 24 hours with methanol at -20°C. Afterwards the
extract was evaporated to dryness and processed by a simplified version of the analytical
protocol: It was directly methylated, purified by immunoaffinity extraction and then analyzed by
LC-MS/MS. The results are shown in Fig. 3C of the enclosed Suppl. IV.

The paper (Suppl. 1V) elegantly demonstrates how valuable even a narrowly specialized
method may be in providing researchers with crucial supporting evidence during studies of
complex processes such as growth and development. Studies similar to the one described here,
carried out with other PIN proteins, in other species, have lead to the suggestion that cell-type-
specific targeted engineering of auxin fluxes might be used to effect desired changes in plant

architecture and development. (Zhang et al., 2010).
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6. Conclusion and perspectives

The aim of this doctoral thesis was to develop an efficient, specific and sensitive analytical
protocol for the analysis of indole-3-acetic acid (IAA) and its derivatives in diverse plant
materials. This objective was fulfilled by developing and optimizing the following partial

methods:

Immunoaffinity purification

Rabbit polyclonal anti-IAA antibodies were prepared and their wide specificity described
repeatedly in literature was confirmed by testing various cross-reactive compounds by ELISA.
The antibodies were used to prepare an immunoaffinity gel and to develop a polyspecific
immunoaffinity purification procedure allowing isolation from raw or pre-purified plant extract of
IAA, seven its amino acid conjugates and further IAA-related compounds. The isolation required
methylation of the derivatives which contain a carboxyl group prior to the immunoaffinity
purification.

LC-MS/MS quantification

Conditions of chromatographic separation and tandem mass detection were optimized for
IAA and twelve other IAA-related compounds. There is a requirement for each of the analyzed
compounds to be evaluated by using corresponding heavy-labeled standards. This allowed IAA
and ten of its derivatives to be routinely analyzed by HPLC coupled to triple-quadrupole mass

detection. The limits of detection vary typically around 1 fmol per injection.

By combining the two methods mentioned above with a preceding C8-based solid-phase
extraction (adopted from Karin Ljung, Sweden), a routine analytical protocol was developed.
The protocol allows relatively simple and fast processing of tens to two hundred samples a
week, with overall recovery ranging between 30 and 70 per cent. The amount of plant material
required for the analysis is quite low, recently between 15 and 25 milligrams. Since all the steps
of the protocol were thoroughly optimized, the only bottleneck of the method is the preparation

of diazomethane (which is a toxic and hazardous methylating agent) and methylation itself.
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The protocol and its successful applications were published in the following papers:

Péncik et al., 2009 (Supplement |)
The paper describes the whole method and quantification of IAA and seven its conjugates,

three of which were identified for the first time in higher plants.

Ascough et al., 2009 (Supplement II)
The method was successfully used to quantify IAA and its conjugates with Asp and Glu in

Watsonia lepida seedlings.

Stirk et al., 2009 (Supplement IIl)
Seasonal variations of IAA and related compounds were studied in two species of

seaweeds.

Zhang et al., 2010 (Supplement V)
In a study of PIN1-related auxin transport, free IAA in approximately twenty pieces of 1 mm

long root tips was quantified in three genotypes of Arabidopsis thaliana.

The method was also used to quantify IAA and its conjugates with Asp and Glu in
PIN5-expressing BY-2 cells (Mravec et al., 2009). Currently, it is being routinely used for the
study of IAA and its derivatives in a variety of plant samples: Tomato (Solanum lycopersicum),
maize (Zea mays), rock rose (Cistus albidus), water carnivorous plants (Aldrovanda vesiculosa,
Utricularia australis), etc. For this purpose, the final analysis has been recently adapted to a
modern combination of Acquity UPLC and Xevo TQ MS Systems.

Further development is aimed at improving of the analytical protocol in terms of isolation,
quantification and identification of a wider spectrum of IAA-related compounds. Such an
improved method could be a powerful tool in current research on the biosynthesis and

metabolism of indole-3-acetic acid.
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An analytical protocol for the isolation and quantification of indole-3-acetic acid (IAA) and its amino
acid conjugates was developed. IAA is an important phytohormone and formation of its conjugates
plays a crucial role in regulating IAA levels in plants. The developed protocol combines a highly specific
immunoaffinity extraction with a sensitive and selective LC-MS/MS analysis. By using internal standards
for each of the studied compounds, IAA and seven amino acid conjugates were analyzed in quantities of
fresh plant material as low as 30 mg. In seeds of Helleborus niger, physiological levels of these compounds
were found to range from 7.5 nmol g~! fresh weight (IAA) to 0.44 pmol g~! fresh weight (conjugate with
Ala). To our knowledge, the identification of IAA conjugates with Gly, Phe and Val from higher plants is
reported here for the first time.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Indole-3-acetic acid (IAA), referred to as auxin, is an important
phytohormone. It plays crucial roles in many aspects of the regu-
lation of plant growth and development, including cell elongation
[1], tropisms [2] and the establishment of apical-basal polarity in
both individual cells and the whole plant [3]. Such wide-ranging
regulation of developmental processes by IAA requires that its con-
centration in cells and tissues is rapidly and sensitively regulated in
both space and time. One of the mechanisms by which IAA level in
plants is regulated is by conjugation of free IAA with amino acids,
giving rise to either biologically inactive, but hydrolyzable, conju-
gates with alanine (IAAla) and leucine (IALeu) or to unhydrolyzable
conjugates with aspartic acid (IAAsp) and glutamic acid (IAGlu).
These two groups of conjugates are believed to have a storage
function or to precede degradation of excessive IAA, respectively
[4].

Although plant materials consist of a very complex matrix con-
taining large amounts of ballast compounds, quantification of IAA
- the quantities of which per gram of fresh weight (FW) vary typ-
ically between tens and hundreds of pmol - is not too difficult

* Corresponding author. Tel.: +420 585 634 864; fax: +420 585 634 870.
E-mail address: jakub.rolcik@seznam.cz (J. Rol¢ik).
1 These authors contributed equally to this work.

0039-9140/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2009.07.043

to perform. In current practice, raw extract is usually purified by
solid-phase extraction [5] and analyzed by GC-MS [6] following
methylation [7], trimethylsilylation [6] or other kind of derivati-
zation [8,9]. Analysis by HPLC coupled to tandem mass detection
is also an option, both with [10] or without [11] prior derivatiza-
tion.

Compared with free IAA analysis, the quantification of IAA
amino acid conjugates is much more elaborate due to the signif-
icantly lower levels of the analytes present in plant material. Thus
in Arabidopsis thaliana, a model organism often used in plant biol-
ogy, Kowalczyk and Sandberg [12] have described, together with
free IAA (the amounts of which ranged between 40 and 130 pmol
per gram of fresh material) conjugates with the following four
amino acids: Asp, Glu (both present at picomolar level), Leu (hun-
dreds fmol g~! FW) and Ala, with quantities as low as 20 fmolg~!
FW. The extracts from A. thaliana were subjected to solid-phase
(SPE) extraction and after methylation analyzed by HPLC linked to
tandem mass detection. The protocol appeared to be notably sim-
pler than that of Tam and coworkers [13] who used preparative
HPLC before quantification of IAAsp and IAGlu by GC-MS.

Recently, an analytical protocol for the quantification of IAA
and its conjugates in rice (Oryza sativa) has been described [14],
which consists of SPE and subsequent HPLC-MS/MS analysis
without prior derivatization. The protocol allows quantification of
IAA conjugates with these amino acids: Ala, Asp, Glu, Leu, Phe and
Val. It was applied to rice samples of 20-100 mg in fresh weight.
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Table 1

Selected parameters of HPLC-MS/MS analysis of methyl esters of IAA and seven IAA amino acid conjugates. In parentheses, transitions of '>N- and/or ?Hs-labeled standards

are described.

RT (min) Analyte Transition CV (V) CE (eV) LOD (fmol) Dynamic range (pmol) Calibration curve R?

8.60 IAGly-Me 247.2>130.1 19 22 0.2 0.004-2.5 y=0.9744x+0.3592 0.9998
(253.2>134.1)

11.41 IAAla-Me 261.2>130.1 21 19 0.7 0.004-2.5 y=0.9853x+0.4162 0.9995
(267.2>134.1)

12.53 IAAsp-Me, 319.2>130.1 21 25 0.7 0.2-125 y=0.9829x +0.3599 0.9993
(325.2>134.1)

14.19 IAGlu-Me, 333.2>130.1 21 35 0.6 0.04-25 y=1.0132x+0.2683 0.9998
(339.2>134.1)

16.19 IAA-Me 190.2>130.1 21 13 1.2 0.2-125 y=0.9693x+0.1860 0.9996
(195.2>134.1)

17.42 [AVal-Me 289.2>130.0 23 22 0.3 0.004-2.5 y=0.9962x +0.4024 0.9998
(295.2>134.1)

19.86 IALeu-Me 303.2>130.1 25 24 1.0 0.004-2.5 y=0.9888x+0.3500 0.9992
(309.2>134.0)

20.36 [APhe-Me 337.2>130.0 16 27 0.6 0.004-2.5 y=0.9680x +0.3064 0.9998

(343.1>134.1)

However, only conjugates with Ala, Asp and Glu were detected in
the selected plant material.

In this paper we introduce a complex analytical protocol suitable
forisolation and quantification of IAA and a broad range of its amino
acid conjugates. Based on a polyspecific anti-IAA immunoaffinity
purification, it may be used to study novel (previously undescribed)
naturally occurring IAA conjugates. Since we used internal stan-
dards for each of the analyzed compounds, we were able to quantify
four known and three novel derivatives over a wide range of con-
centrations in which they are present in plant material.

2. Experimental
2.1. Reagents and materials

Indole-3-acetic acid and other indole compounds were obtained
from OIChemIm (Olomouc, Czech Republic). >N- and/or 2Hs-
labeled internal standards were prepared according to Ilic et al.
[15]. Affi-Gel 10 was ordered from Bio-Rad (Hercules, CA, USA).
Other reagents and solvents were provided by Sigma-Aldrich (St.
Louis, MO, USA). Water was purified by the Simplicity 185 water
purification system (Millipore, Bedford, MA, USA).

2.2. Preparation of antibodies and their use in immunoaffinity
extraction

Polyspecific polyclonal antibodies against IAA and its conju-
gates were obtained by immunizing rabbits with an IAA-protein
conjugate. To couple IAA to bovine serum albumin (BSA) through
its carboxyl group, the procedure described by Weiler [16] was
used, resulting in a hapten:protein molar ratio of 23. Purification
of the antibodies and the preparation of immunoaffinity columns
and their use were essentially as described earlier [17]. Capacity
and recovery of the columns estimated by application of various
amounts of indole-3-acetamide was about 3 nmol and 95-100%,
respectively.

2.3. Sample processing and LC-MS/MS analysis

The extraction and subsequent SPE were similar to those
used by Karin Ljung (personal communication). Approximately
30mg (fresh weight) of plant material frozen in liquid nitro-
gen was ground with pestle and mortar and extracted for 5min

with 1ml of cold phosphate buffer (50 mM; pH 7.0) contain-
ing 0.02% sodium diethyldithiocarbamate and the following 1°N-
and/or 2Hs-labeled internal standards: [2Hs]IAA, [1°N,2H5]IAAla,
['>N,2Hs]IAAsp, [1°N,2H5]IAGIu, [°N,2Hs]IAGly, ['°N,2Hs]IALeu,
['>N,2Hs]IAPhe, and ['°N,2HsJIAVal.

After centrifugation (36,000 x g; 10min; +4°C), each sample
was transferred into an eppendorf tube, acidified with 1M HCI
to pH 2.7 and applied on a C8 column (Bond Elut, 500 mg, 3 ml;
Varian) pre-washed with 2 ml of methanol and equilibrated with
2ml of formic acid (1%; v/v). The column was washed with 2 ml
of methanol (10%; v/v) acidified with formic acid (1%; v/v) and
retained analyte was eluted with 2 ml of methanol (70%; v/v) acid-
ified with formic acid (1%; v/v). The eluate was evaporated to
dryness in vacuo.

Samples were reconstituted in 100 ! of methanol acidified
with concentrated hydrochloric acid (1 il per ml of methanol) and
methylated with 300 .l of ethereal solution of diazomethane. After
10 min the reaction mixture was evaporated under a stream of
gaseous nitrogen (40°C).
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1AGly 16.02
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Fig. 1. HPLC-UV chromatogram (278 nm) of methyl esters of IAA, seven IAA con-
jugates and two other indole compounds retainable by a polyspecific anti-IAA
immunoaffinity extraction: Indole-3-acetamide (IAM) and indole-3-ethanol (IEt).



A. Péncik et al. / Talanta 80 (2009) 651-655 653

2: MRM of 2 Channels ES+
247.19 > 130.06

(A)100- Standard
2
= J
C
2
E 0 T T T T T T T T T T T T T T T T T T 1
g 8.60 2: MRM of 2 Channels ES+
= R 247.19 > 130.06
-2 1007 sample g
o
- 4
0 T T T T T T T T T T T T T T T T T T 1
6 8 10 12 14 16 18 20 22 24
Retention Time [min]
17.42 7: MRM of 2 Channels ES+
R 289.21 > 130.04
(B)100- Standard g
2>
= 4
c
L
E o T T T T T T T T T T T T T T T T T T 1
2 1743 7: MRM of 2 Channels ES+
= R 289.21 > 130.04
% 1009 sample g
o
< 4
0 T T T T T T T T T T T T T T T T T T 1
6 8 10 12 14 16 18 20 22 24
Retention Time [min]
20.36 8: MRM of 4 Channels ES+
. 337.17 > 130.02
(C)1004 Standard g
2
‘@
g
E o T T T T T T T T T T T T T T T T T T 1
°>-’ 8: MRM of 4 Channels ES+
S 100+ 20.36 337.17 > 130.02
© Sample
0]
m -
S
A AN
0 T T T T T T T T T T T T T T T U T T 1
6 8 10 12 14 16 18 20 22 24

Retention Time [min]

Fig. 2. Chromatograms of the newly discovered IAA amino acid conjugates compared with chromatograms of the corresponding authentic compounds: IAGly (A), IAVal (B)

and IAPhe (C).

Prior to immunoaffinity purification, the sample was dissolved
in 50 pl of ethanol (70%; v/v) and 450 .l of phosphate buffer (20 mM
NaH,POg4; 15 mM NaCl; pH 7.2) and passed through a pre-column
containing gel with immobilized BSA. The pre-column was then
washed with 0.5ml phosphate buffer and pooled effluent was
applied on an immunoaffinity column with immobilized polyspe-
cific rabbit polyclonal antibody against IAA. The application of the
solution was repeated five-times. The immunoaffinity column was
then washed three-times with 3 ml of H, O and the analyte was sub-
sequently eluted with 3 ml of methanol (—20°C). The eluate was
evaporated to dryness under nitrogen (40 °C).

Final analysis was done by HPLC coupled to tandem MS/MS
detection with the use of a triple-quadrupole mass spectrometer.
Separation was performed on an Acquity UPLC System (Waters)
equipped with a Symmetry C18 column (5 pm, 2.1 mm x 150 mm;
Waters) at 30°C by gradient elution with a flow-rate of
250 wlmin~!. The mobile phase consisted of 10 mM aqueous formic
acid and methanol containing 10 mM formic acid. The content of
methanol kept at 25% during the first minute was then increased
linearly to 38% (at 7 min), 40% (12 min), 58% (15 min), and 60%
(26 min). The effluent was introduced into the ion source of a Qua-
tro micro API tandem quadrupole mass spectrometer (Waters).
The capillary voltage was set to +500V, desolvation gas flow was
5001h-1, desolvation temperature was 350°C and source block

temperature was 100 °C. Other settings of the instruments, together
with multiple reaction monitoring (MRM) transitions of individual
compounds, are listed in Table 1.

3. Results and discussion
3.1. Anti-auxin polyspecific immunoaffinity purification

Immuno-based sample preparation techniques have extraordi-
nary potential for trace analysis [18] and have been successfully
utilized in analytical protocols used for quantification of various
phytohormones including IAA [19,20], cytokinins [10,21-25] and
abscisic acid [20,26,27].

In our study of IAA and its conjugates, we exploited the
polyspecificity of anti-IAA antibodies. These were obtained by
immunizing rabbits with a BSA conjugate in which IAA was linked
to the protein through its carboxyl group (IAA-C1’-BSA). Such anti-
bodies are capable of interacting specifically not only with IAA itself
but also with other indole compounds substituted in position 3,
such as indole-3-acetamide and indole-3-acetonitrile [28]. Further-
more, such antibodies have been reported [16] to cross-react in
radioimmunoassays with the IAA homologues indole-3-propionic
and indole-3-butyric acid and with IAA conjugated with aspartic



654 A. Péncik et al. / Talanta 80 (2009) 651-655

acid. However, this relatively high cross-reactivity is contingent on
the free acids being transformed into their methyl esters. Hence, it
is necessary to treat samples with diazomethane prior to analysis
by an immunomethod [16,29].

An extensive study of our rabbit anti-IAA antibodies, performed
by ELISA, has corroborated their polyspecificity. Compared to
methylated IAA, cross-reactivities of 3-substituted indoles, includ-
ing indole-3-acetamide, indole-3-acetonitrile, indole-3-ethanol
and methyl esters of IAA conjugates, range typically between
85% and 210%. This allows the antibodies to be used in specific
immunoaffinity purification of diverse IAA derivatives. We success-
fully used immunoaffinity extraction based on these antibodies to
isolate and subsequently quantify IAA conjugates with Ala, Asp,
Glu and Leu. Furthermore, we succeeded in isolating from a vascu-
lar plant and identifying novel naturally occurring IAA conjugates
with the three amino acids: Gly, Val and Phe.

3.2. HPLC-MS/MS analysis

Using a linear methanol gradient acidified with formic acid, we
achieved base-line separation (see Fig. 1) of a mixture contain-
ing methyl esters of IAA and seven IAA conjugates and also two
other indole derivatives retainable by the developed immunoaffin-
ity extraction: indole-3-acetamide and indole-3-ethanol (data not
shown). In Table 1 the methyl esters are listed in order of their
retention time.

Positive ESI tandem mass detection was run in multiple reaction
monitoring (MRM) mode. Diagnostic transitions were similar to
those used by Kowalczyk and Sandberg [12]: The parent ion of the
protonated molecule [M+H]* fragments to a quinolinium ion of m/z
130.

To cover various recoveries of individual analytes, which may
vary depending on the plant material being analyzed, we used
internal standards corresponding to each of the studied com-
pounds. All the standards comprised the indole skeleton labeled
with five deuterium atoms; additionally, in standards of the conju-
gates the amino acid was 1>N-labeled. Thus values of m/z of internal
standard parent ion differed by six units (or by five in the case
of IAA) from those of the corresponding unlabeled compounds.
Collision-induced dissociation yielded fragments of m/z=135, 134
and 133. We used the fragment of m/z 134, the most intensive one,
to perform MRM detection of labeled IAA and its conjugates. We
achieved limits of detection (for signal-to-noise ratio of 3) around
1fmol per injection. Detailed parameters together with other MS
settings are listed in Table 1.

3.3. Identification of novel IAA conjugates

Arecent study by Staswick et al. [30] has revealed the capability
of Arabidopsis GH3 enzymes to catalyze synthesis of IAA conju-
gates with a wide range of amino acids, thus raising the question
of whether IAA conjugates other than those with Ala, Asp, Glu
and Leu exist. The question gains significance as Ludwig-Miiller
et al. [31] have very recently identified IAA conjugate with Val in
non-vascular plant (moss Physcomitrella patens) grown on medium
supplemented with IAA.

In our screening for putative IAA conjugates we concentrated on
immature seeds of the Christmas rose (Helleborus niger L.), in which
we had previously detected very high levels of free IAA (around
10nmol g~1 FW). Alongside IAA and the conjugates described ear-
lier [12] we identified novel IAA conjugates with Gly, Phe and Val.

In Fig. 2, chromatograms of newly discovered IAA conjugates
are compared with chromatograms of the corresponding authentic
compounds. Each pair of chromatograms is characterized by practi-
cally identical retention times of peaks for the standard and for the
putative compound isolated from plant material. Each pair of chro-
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Fig. 3. Semi-logarithmic overview of IAA and seven IAA amino acid conjugates
quantified in immature seeds of the Christmas rose (Helleborus niger L.).

matograms was obtained in MRM mode where the m/z of the parent
ion corresponds to the m/z of the pseudomolecular ion [M+H]* of
the respective IAA conjugate, while an m/z equal to 130 for the
daughter ion corresponds to an m/z of the quinolinium ion, which
is typical of fragmentation of IAA and its conjugates.

The identity of the conjugates analyzed in H. niger seeds seems to
be further verified by the fact that they passed through a preceding
immunoaffinity purification designed to interact specifically with
(3-substituted)indole skeleton. Thus, to our knowledge, for the first
time naturally occurring IAA conjugates with Gly, Phe and Val have
been identified in vascular plant.

3.4. Quantification of IAA and its conjugates in milligram
amounts of plant material

Combination of the highly specific immunoaffinity extraction
described above and a sensitive and selective LC-MS/MS - together
with the application of internal standards for each of the studied
compounds at the initial phase of sample processing - allowed us to
reliably quantify IAA and a wide spectrum of its amino acid conju-
gates. Amounts of fresh plant material required for such an analysis
typically lie between 25 mg and 40 mg.

On the basis of our previous experience, we supply the ana-
lyzed samples with amounts of internal standards corresponding
to expected levels of respective native compounds. In a parallel
manner we construct calibration curves which cover typical phys-
iological levels of individual analytes in plant material. The curves

Table 2
Indole-3-acetic acid and its amino acid conjugates as quantified by HPLC-MS/MS in
immature seeds and pericarp of Helleborus niger.

Analyte Content in plant tissue (pmol g~ FW)2
Immature seeds Pericarp

1AA 7378 £ 17 313+16

IAAsp 2089 + 79 62.5+3.7

IAGlu 449 4+ 1.2 2.86+0.05

IAGly 3.35+0.19 n.d.p

IALeu 2.24 + 0.11 1.60+0.14

IAPhe 1.17 £ 0.17 n.d.

1AVal 1.02 £ 0.13 n.d.

IAAla 0.44 + 0.02 n.d.

2 Mean value of three independent analyses + standard deviation.
b n.d.: not detected.
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extend to a little under three orders of magnitude, with good lin-
earity and correlation coefficients (R?) between 0.9992 and 0.9998
(see Table 1).

Fig. 3 shows the results of an analysis of IAA and its conjugates
performed on immature seeds of H. niger. The semi-logarithmic
plot of the results demonstrates clearly the vast difference (of
about four orders of magnitude) between the contents of free IAA
(7.5nmol g1 fresh weight) and IAAla, the least abundant of quan-
tified conjugates (0.44 pmol g~! fresh weight). The value found for
IAA itself is comparable to that estimated by Matsuda et al. [14],
who analyzed auxins in seeds of rice (O. sativa).

Detailed results of our quantification are listed in Table 2
together with the results obtained by analysis of H. niger pericarp
(husk). Levels of IAA and its conjugates with Asp, Glu and Leu in the
pericarp were remarkably lower than those found in seeds, while
conjugates with Ala, Gly, Phe and Val were below their limits of
detection.

4. Conclusion

We developed a highly specific protocol for analysis of IAA and
its amino acid conjugates in small quantities (about 30 mg) of fresh
plant material. The protocol is based on a combination of polyspe-
cific anti-IAA immunoaffinity extraction and a sensitive LC-MS/MS
method. We successfully used the protocol for quantification of IAA
and its conjugates in immature seeds and in the pericarp of H. niger.
Furthermore, we isolated three novel naturally occurring conju-
gates of IAA with Gly, Phe and Val and confirmed their identity by
analysis of corresponding synthesized standards.
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KEYWORDS Summary

éu;(mk;- . The regeneration ability, cell division activity, auxin and cytokinin content of
D}'/ffo ]m?.’ tion: seedling regions and hypocotyl subsections of Watsonia lepida were studied. A total
M1er$srtzr:n]'a on; of 21 different cytokinins or conjugates were found in seedlings, with the highest

cytokinin content in meristematic regions (root and shoot apical meristems). The
greatest contribution to the cytokinin pool came from the biologically inactive
CZRMP, suggesting that significant de novo synthesis was occurring. Five different
auxins or conjugates were detected, being concentrated largely in the shoot apical
meristem and leaves, IAA being the most abundant. Analysis of hypocotyl subsections
(C1-C4) revealed that cell division was highest in subsection C2, although
regeneration in vitro was significantly lower than in subsection C1. Anatomically,
subsection C1 contains the apical meristem, and hence has meristematic cells that
are developmentally plastic. In contrast, subsection C2 has cells that have recently
exited the meristem and are differentiating. Despite high rates of cell division, cells

Totipotency

Abbreviations: BA, benzyladenine; BAR, benzyladenosine; BARMP, benzyladenosine-5'-monophosphate; cZ, cis-zeatin; cZOG, cis-
zeatin-O-glucoside; cZR, cis-zeatin riboside; cZROG, cis-zeatin riboside-O-glucoside; cZRMP, cis-zeatin riboside-5-monophosphate;
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indole-3-acetic acid; IAAsp, indole-3-acetyl aspartate; IAGlu, indole-3-acetyl glutamate; IAM, indole-3-acetamide; IEt, indole-3-
ethanol; iP, isopentenyladenine; iPR, isopentenyladenosine; iPRMP, isopentenyladenosine-5'-monophosphate; mT, meta-topolin; oT,
ortho-topolin; tZ, trans-zeatin; tZOG, trans-zeatin-O-glucoside; tZR, trans-zeatin riboside; tZROG, trans-zeatin riboside-O-glucoside;
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in subsection C2 appear no longer able to respond to cues that promote proliferation
in vitro. Auxin and cytokinin analyses of these subsections were conducted. Possibly,
a lower overall cytokinin content, and in particular the free-base cytokinins, could
account for this observed difference.

© 2009 Elsevier GmbH. All rights reserved.

Introduction

Plant growth occurs through cell expansion and
cell division, and all organs are generated either
directly or indirectly through the meristems.
Meristems are regions containing cells that are
capable of continued division. Once cells exit the
meristem, differentiation takes place, although
additional cell division may occur in the areas
directly behind the root and shoot apical meris-
tems.

Totipotency, as applied to plants, is the inherent
ability of a single cell to regenerate an entire plant.
A pluripotent cell, however, is capable of differ-
entiating into another cell type either directly
(trans-differentiation or re-differentiation) or by
first de-differentiating and then re-differentiating,
but without necessarily re-entering the cell cycle.
Should it do so, it would then progress from G
through the DNA synthesis phase (S-phase), through
G, and then divide. For an intact plant to be
formed, cells need to differentiate into the various
tissue systems that comprise the plant organs. This
requires the action of hormones such as auxin and
cytokinins (Schell et al., 1993).

Cells comprising the meristem are generally
thought of as undifferentiated, although it has
been suggested that because they do not exhibit
totipotency in vivo, they are differentiated
(Lev-Yadun, 2003). Meristematic cells appear to
be the most developmentally plastic and respond
rapidly to a wide range of physiological and
environmental cues. This may be related to cell
age. Since cells are dividing continually and have
no structural or physiological function such as
photosynthesis, they remain ‘“young”. They are
therefore pluripotent, and have the capability
of changing fate into a number of other cell types.

Plants contain three distinct meristems: (1) the
shoot apical meristem; (2) root apical meristem
and (3) the vascular cambium. Stem cells are
separated from their terminally differentiated
progeny by an intermediate population of rapidly
dividing cells known as transit amplifying cells
(Singh and Bhalla, 2006). But how do stem cells
remain stem cells? How is a meristem maintained?
Specific genes are expressed in meristematic cells

that prevent differentiation in cells directly sur-
rounding them, thus making what is known as a
“stem cell niche” (Tucker and Laux, 2007). Thus,
“The balance between stem cell maintenance
within the niche and differentiation of cells that
exit it is regulated by local cell-cell communica-
tion, together with external cues” (Tucker and
Laux, 2007). In other words, these pluripotent cells
are dependent on their microenvironment (niche)
for their functioning. In contrast, cells induced to
enter an embryogenic pathway are truly totipo-
tent, and exhibit a high degree of autonomy since
they are not surrounded by a niche of cells (Verdeil
et al., 2007).

At what point does a meristematic cell cease
being meristematic? Can this be specified geneti-
cally or cytologically? The cue may be positional
since daughter cells obtained from divisions in the
apical meristem undergo several more divisions
until they are displaced to the edge of the
meristem and then differentiate (Angenent et al.,
2005). Individual cells that comprise the meristem
are not coordinated or synchronized with respect
to the timing and commitment of cell division
(de Jager et al., 2005).

What defines a de-differentiated cell? Cells
undergoing de-differentiation show two phases
of chromatin decondensation: The first is thought
to be involved in the acquisition of pluripotenti-
ality, while the second may be related to the new
fate of the cell (Grafi, 2004; Grafi and Avivi, 2004).
Whether this alteration in chromatin structure is
the cause of de-differentiation, or simply a
consequence, remains unknown, but it is now
thought that meristem activity is at least partly
regulated by chromatin remodeling (Guyomarc’h
et al., 2005). Similar epigenetic changes involving
chromatin organisation and histone methylation
occur in animal cells undergoing a change in cell
fate, suggesting similar mechanisms may be in
place to regulate changes in developmental ex-
pression patterns (Costa and Shaw, 2006).

Cytokinins are key cell-cycle regulators and
morphogenic agents (Sieberer et al., 2003) that
can be classified according to their side-chains: (1)
the isoprenoid cis-zeatin (cZ), trans-zeatin (tZ) and
isopentenyladenine (iP); (2) the isoprenoid-derived
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dihydrozeatin (DHZ) and (3) the aromatic benzyla-
denine (BA) and topolins (Zazimalova et al., 1999).
Each different cytokinin type and conjugate may
affect the growth and metabolism in different
ways. The free bases and ribosides are regarded
as the most active forms, but are readily broken
down by cytokinin oxidases (Sakakibara, 2006). The
ribotides are the first recognized cytokinins formed
during biosynthesis, and so presence of these is
considered indicative of de novo synthesis. The
0O-glucosyl conjugates are inactive stable forms
of excess cytokinins that can be easily converted
into free bases, and are thought to play an
important role in balancing cytokinin levels,
while the N-glucosides result from detoxification
(Sakakibara, 2006).

Auxins are ubiquitously occurring plant hormones
that are involved in many aspects of plant growth
and development. They can be synthesized from
tryptophan through the indole-3-pyruvic acid path-
way, the indole-3-acetamide pathway, the trypta-
mine pathway and the indole-3-acetaldoxime
pathway (Woodward and Bartel, 2005). There is
also considerable evidence for a tryptophan-inde-
pendent pathway. In most plants, indole-3-acetic
acid (IAA) is the most active and abundant auxin.
It can be sequestered by conversion to indole-
3-butyric acid or reversible conjugation to sugars,
amino acids and peptides. It is catabolised after
ring oxidation or by conjugation to aspartate or
glutamate (Woodward and Bartel, 2005).

This study was initiated following observations
that only the hypocotyl region of Watsonia seed-
lings were capable of regeneration in vitro, with no
response obtained from other parts of the seedling
(Ascough et al., 2007). The aim of this study was to
determine, using Watsonia lepida, the auxin and
cytokinin distribution within intact seedlings, to
test if hypocotyl subsections differ in their in vitro
response and their cell division rate, to examine
the anatomy of the hypocotyl subsections and lastly
to determine the auxin and cytokinin concentra-
tions within each hypocotyl subsection.

Materials and methods

Watsonia lepida N.E. Brown seeds were deconta-
minated by immersion for 15min in a 50% (v/v)
commercial bleach (Jik™, 3.5% sodium hypochlor-
ite) solution with Tween 20 as a surfactant. Seeds
were rinsed three times with sterile distilled water,
placed on a 1/10 strength MS medium with
100mgL~" myo-inositol, 0.9% agar, but without
hormones or sucrose. Culture jars were placed in

incubators at 25°C under a 16-h photoperiod for
germination. Once seedlings had reached approxi-
mately 6cm in height, they were removed for
experimentation. They were divided according to
Figure 1, regions A-F (seed was removed), or the
hypocotyl region C was divided into four subsec-
tions (C1-C4), and used for hormonal analysis and
regeneration studies.

Cytokinin analysis

The procedure used for cytokinin purification was
a modification of the method described by Faiss
et al. (1997). Deuterium-labelled CK internal
standards (Olchemim Ltd., Czech Republic) were
added, each at 1pmol per sample to check the
recovery during purification and to validate the
determination (Novak et al., 2008). The samples
were purified using an immunoaffinity chromato-
graphy (IAC) based on wide-range specific mono-
clonal antibodies against cytokinins (Novak et al.,
2003). The metabolic eluates from the IAC columns
were evaporated to dryness and dissolved in 20 uL
of the mobile phase used for quantitative analysis.
The samples were analysed by ultra performance
liquid chromatography (UPLC) (Acquity UPLC™,;
Waters, Milford, MA, USA) coupled to a Quatro
micro™ APl (Waters, Milford, MA, USA) triple

Figure 1. Diagram of Watsonia lepida seedling and
division of regions (A-F) and hypocotyl subsections
(C1-C4). Scale bar: 5mm.
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quadrupole mass spectrometer equipped with an
electrospray interface. The purified samples were
injected onto a C18 reversed-phase column (BEH
C18; 1.7 um; 2.1 x 50 mm; Waters). The column was
eluted with a linear gradient (Omin, 10% B;
0-8 min, 50% B; flow-rate of 0.25mL/min; column
temperature of 40 °C) of 15 mM ammonium formate
(pH 4.0, A) and methanol (B). Quantification was
obtained by multiple reaction monitoring of [M+H]"
and the appropriate product ion. For selective MRM
experiments, optimal conditions, dwell time, cone
voltage and collision energy in the collision cell
corresponding to exact diagnostic transition were
optimized for each cytokinin (Novak et al., 2008).
Quantification was performed by Masslynx software
using a standard isotope dilution method. The ratio
of endogenous cytokinin to appropriate labeled
standard was determined and further used to
quantify the level of endogenous compounds in
the original extract, according to the known
quantity of added internal standard (Novak et al.,
2003).

Auxin analysis

Plant material (approximately 10mg DW) was
extracted with 1mL of cold phosphate buffer
(50 mM; pH 7.0) containing 0.02% sodium diethyl-
dithiocarbamate and following 'N- and/or 2Hs-
labeled internal standards: ["°N,%Hs]IAAsp, ['°N,
2Hs]IAGlu, [*Hs]IEt, [2Hs]IAM and [2Hs]IAA (Olchem-
im Ltd., Czech Republic). After removal of cell
debris, the extracts were pre-purified by solid-
phase extraction on a C8 column (Bond Elut,
500mg, 3mL; Varian) and then methylated with
ethereal diazomethane. Methylated samples were
further purified by auxin-specific immunoaffinity
extraction similar to that used for melatonin
analysis (Rolc¢ik et al., 2002). Final analysis was
done by high-performance liquid chromatography
(Acquity, Waters) and tandem mass detection
(Quattro Micro tandem mass spectrometry system,
Waters). The components of interest were mea-
sured in MRM mode and quantified by Masslynx
software (Waters) using the standard isotope
dilution method.

Regeneration from hypocotyl subsections

The four hypocotyl subsections (C1-C4; Figure 1)
from each seedling were cultured in separate tubes
on MS media containing 100mgL~" myo-inositol,
0.9% agar, 3% sucrose and one of the follow-
ing hormone combinations: control (no hormones),
0.5mgL™" NAA, 0.5mgL™" benzyladenine (BA),

0.5mgL~" NAA+0.5mgL~" BA (ratio 1:1), 0.5mgL ™"
NAA+0.05mgL~" BA (ratio 10:1), 0.05mgL™"
NAA+0.5mgL~" BA (ratio 1:10). The four regions
from one particular seedling were placed within
one treatment, forming one replicate. Six repli-
cates were conducted for each treatment, and
this was repeated four times. Cultures were
placed at 25°C under fluorescent tubes providing
a 16-h photoperiod and a light intensity of
12.6 umolm~2s~" at culture level. After eight
weeks, the response for each region was deter-
mined and number of shoots for each explant
recorded. A positive response was defined as
production of roots, shoots or callus. Regeneration
values were arcsine transformed prior to one-way
ANOVA, and means were separated using Fishers’
individual error rate (x = 0.05). The response of
seedling and hypocotyl subsections to the various
hormone combinations was consistent and similar
both within and between treatments, thus results
were combined.

Analysis of cell division in hypocotyl
subsections

Each hypocotyl subsection (C1-C4) was assessed
for cell division using flow cytometry by combining
the same region from six seedlings of the same size.
Samples were cut into very small pieces with a
razor blade in 1mL extraction buffer containing
100mM MgCl,, 40mM trisodium citrate, 22mM
MOPS and 0.1% (v/v) Triton-X-100 with pH adjusted
to 7.1. The suspension was filtered through a 50 um
mesh filter and stained with 500puL propidium
iodide. Fluorescence was measured using a Beck-
man Coulter Epics XL-MCL flow cytometer and DNA
content for diploid and tetraploid peaks was
compared with data from control regions of the
leaf tip. This was repeated nine times. Data were
analysed for significant differences using ANOVA
and means separated using Fishers’ individual error
rate (o« = 0.05).

Light microscopy

In addition to investigating the hormonal and cell
division aspects, light microscopy of the hypocotyl
sections (C1-C4 and a leaf tip) was performed to
observe cell structure characteristics. At least five
tissue samples from each section were fixed over-
night in 3% glutaraldehyde. The following day, after
two washes for 30 min in 0.05M cacodylate buffer,
samples were stained in 2% osmium tetroxide for
2h. Thereafter, samples were washed twice for
30min in 0.05 M cacodylate buffer and sequentially
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dehydrated by immersion in a graded ethanol series
(10%, 30%, 50%, 70%, 80%, 90%, 100%) for 10 min at
each concentration. Samples were then embedded
in Epon resin: 2 infiltrations of 30 min in propylene
oxide, followed by 2 h infiltration with 1:3 (Epon:
propylene oxide) plus 1 drop 2,4,6-tri(dimethyla-
minoethyl)phenol (DMP), followed by 2h infiltra-
tion with 1:1 (Epon : propylene oxide) plus 2 drops
DMP, followed by 16 h infiltration with 3:1 (Epon :
propylene oxide) plus 3 drops DMP, followed by 24 h
infiltration with Epon plus 4 drops DMP. Samples
were placed in small aluminum dishes and incu-
bated in an oven at 70°C for 48h. Thereafter,
samples were sectioned using an LKB Ultratome I
microtome and stained with Ladd’s Multiple Stain
before viewing under an Olympus AX 70 stereo light
microscope.

Results and discussion
Hormonal status of seedlings

The following auxins and conjugates were found
in W. lepida seedlings: IAA, indole-3-acetyl aspar-
tate (lIAAsp), indole-3-acetyl glutamate (IAGlu),
indole-3-acetamide (IAM) and indole-3-ethanol
(IEt). The sum of these compounds was lowest in
regions A and B (roots), and highest in the meristem
and expanding leaf (Figure 2A). Greatest contribu-
tion to the auxin pool came from IAA, followed by
IEt and IAM (Figure 2C). The presence of the
intermediate |AM, suggests the microbial trypto-
phan-dependent biosynthetic pathway may be
operating in W. lepida. This supports the growing
body of evidence that this pathway is widespread
in higher plants. Although auxin biosynthesis is
thought to be genetically redundant because of the
size of the gene families, the presence of multiple
auxin biosynthetic pathways offers a buffered
system with various control points that could be
tissue- or environment-specific (Chandler, 2009).
Low levels of IAAsp and IAGlu were detected,
indicating that irreversible conjugation is not
necessary in young seedlings, while significant
quantities of IEt imply that reversible sequestration
is occurring (Rayle and Purves, 1967).

A total of 21 different cytokinins were
found within W. lepida seedlings (Table 1). The
following cytokinins were not detected in any of
the seedling sections: trans-zeatin-9-glucoside,
cZ9G, isopentenyladenine-9-glucoside, benzylade-
nine-9-glucoside, pT, pTR, mTR, mT9G, oT9G,
dihydrozeatin-O-glucoside (dHZOG), dihydrozeatin
riboside-0-glucoside, pTOG, pTROG, mTOG, mTROG,

oTOG, oTROG, dihydrozeatin riboside-5-monopho-
sphate, pTRMP, oTRMP and mTRMP.

Total cytokinin content was highest in region C
(hypocotyl), with the second highest concentration
occurring in region A (root tip; Figure 2B).
Cytokinins are predominantly synthesized in the
roots, accounting for a higher level in region A than
in regions B, D, E or F. Region C contains the
meristematic region, as geophytic monocotyledons
have a basally positioned meristem.

In meristematic and surrounding regions, lots of
cell division, growth and differentiation occurs,
and hence the need for large quantities of cytokinin
in region C (hypocotyl). Generally, roots have been
reported as the main site of cytokinin biosynthesis,
but recent evidence suggests that tissues such
as young leaves, meristems and immature seeds
can also manufacture cytokinins (Miyawaki et al.,
2004). Findings for W. lepida are consistent with
this.

When the total cytokinin complement is sepa-
rated based on structure, a more intriguing picture
emerges. The distribution of isoprenoid cytokinins
indicates a slight concentration gradient of iP from
root to shoot (Figure 2E). Very little tZ or DHZ was
found in seedlings. Interestingly, the distribution
of ¢Z shows an identical trend with the distribution
of total cytokinins within a seedling. For the
most part, cZ is the biggest contributor by far to
the cytokinin pool. This is in close agreement
with Redig et al. (1996) who demonstrated that
cytokinins were synthesized during cell cycle
phases with a prevalence of Z cytokinins in
synchronised BY-2 cells. This is of some signifi-
cance, since the cZ isomer is generally considered
less active. Recently, Kasahara et al. (2004) showed
that separate pathways for the biosynthesis of
cZ and tZ exist. The MEP pathway operates in
plastids and produces tZ from DMAPP with the
intermediate tZRMP being the first recognized
cytokinin formed.

In the cyotosol, the MVA pathway operates to
produce c¢Z from DMAPP and tRNA via the inter-
mediate cis-zeatin  riboside-5-monophosphate
(cCZRMP) (Kasahara et al., 2004). Although low
levels of cis-trans isomerisation have been ob-
served, it appears that the majority of cZ is formed
by tRNA prenylation with DMAPP from the MVA
pathway (Kasahara et al., 2004). This could imply
that high rates of tRNA turnover are occurring in all
regions of W. lepida seedlings, and especially in
regions A (root tip) and C (hypocotyl), the areas of
greatest cell division, growth and morphogenesis.
Alternatively, zeatin-type cytokinins may be pro-
duced through an iPMP-independent pathway
(Astot et al., 2000).
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Figure 2. Auxin and cytokinin contents in seedling regions of Watsonia lepida. (A) Sum of quantified auxins; (B) total
cytokinin content; (C) distribution of different auxins; (D) comparison of functional cytokinins; (E) distribution of
isoprenoid cytokinins and (F) distribution of aromatic cytokinins.

The distribution of aromatic cytokinins is quite
different from that of the isoprenoids. Both ortho-
topolin (0oT) and meta-topolin (mT) occur at very
low concentrations and there is no clear trend in
their distribution (Figure 2F). On the other hand,
BA shows a distinct gradient from high levels in root
sections (regions A and B) to much lower levels in
the shoot and leaf. This suggests that BA is
synthesized in the roots and transported acrope-
tally to the shoot.

The cytokinin content within seedlings can also
be analysed in terms of the functional types — those
that are active (free bases), those that are newly
synthesized (ribotides), those that are conjugated
to ribose (ribosides) and those conjugated to

glucose (OG and ROG). By far, the cytokinin
complement for each region is primarily consti-
tuted of ribotides (Figure 2D), especially cZRMP
(Table 6.1). High concentrations of cZRMP were also
found in pea roots after 5h imbibition, indicating
they may play an important role in radicle elonga-
tion and early seedling establishment (W.A. Stirk,
personal communication). The level of free bases
decreases with increasing distance from the root.
A peak in the riboside content occurs in region
C (hypocotyl), consistent with the observations that
ribosides are biologically active and region C being
young, actively dividing tissue, and hence would
be using cytokinins. Low levels of OG and ROG
were present in virtually all regions, with a peak
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Table 1.  Cytokinin content in Watsonia lepida seedling regions (pmolg~" dry weight).

Cytokinin  Root region A Root region B Hypocotyl region C  Shoot region D  Shoot region E  Shoot region F
tz 4.314+1.71 2.814+0.57 2.69+1.68 2.3240.35 3.53+1.15 2.4540.38
tZR 2.8140.57 1.05+0.17 3.06+0.62 3.11+0.09 2.764+0.40 1.82+0.29
tZ0G 3.00+0.09 2.79+0.79 1.04+0.06 1.77+0.02 1.94+0.32 2.93+0.72
tZROG 3.634+0.28 2.234+0.03 0.85+0.62 0.96+0.26 0.734+0.18 0.60+0.15
cZ <LOD <LOD 8.86+0.27 3.69+0.83 6.86+0.96 3.99+1.26
cZR 2.89+0.00 1.76 +1.18  96.1948.84 20.55+1.00 20.53+2.40 5.441+0.94
cZ0G 2.89+0.00 1.76+0.00 96.1948.84 15.55+8.07 20.53+2.40 5.444+0.94
cZROG 30.73+1.31 21.374+0.18  47.53+23.17 8.344+0.10 5.82+2.28 3.84+0.02
DHZ <LOD 0.73+0.00 1.09+0.62 0.44+0.21 0.53+0.05 0.48+0.13
DHZR 2.92+0.13 3.344+0.00 3.46+1.19 2.164+0.50 1.33+0.03 2.3940.23
iP 12.73+3.14 5.91+0.69 2.4540.00 5.05+1.72 5.57+0.38 4.82+0.76
iPR 6.24+5.15 1.01+0.00 11.98+1.05 5.89+2.32 4.61+0.05 3.46 +0.57
BA 130.41+4.14  110.62+9.93  33.824+10.35 31.07+25.22 16.41+4.45 10.16 +5.37
BAR 3.95+2.18 4.3643.86 0.414+0.24 <LOD <LOD <LOD

mT 3.99+2.5¢ 0.52+0.28 5.50+1.17 3.97+0.84 2.00+0.00 1.2240.75
oT 5.074+2.56 4.914+2.44 14.154+14.47 7.68+4.36 16.424+14.87 8.11+6.75
oTR 8.86+5.50 6.144+0.00 13.49+15.29 5.80+0.14 5.44+2.79 2.63+0.00
tZRMP 34.94+12.83  29.83+5.01 25.38+16.62 47.72+52.99 14.27+8.83 <LOD
CZRMP 918.544+-268.6  313.4+50.98 5082 +1898 382.2+232.2 362.9+215.7 106.44-82.83
iPRMP 111.61+12.86  37.62+6.52  74.90+15.85 31.76 +11.34 16.74+1.41 8.48+3.28
BARMP 91.60+25.69  29.34+7.41 10.80+2.34 <LOD <LOD <LOD

<LOD: below limit of detection.

occurring in the meristematic region C. However,
the ability of plant tissue to respond to hormones is
not only dependent on the hormonal concentration,
but also tissue sensitivity. If cells comprising a tissue
are not sensitive or competent to respond, hormone
levels may not be significant.

Cell division and in vitro regeneration

From the flow cytometry results of the hypocotyl
subsections (C1-C4), the proportion of nuclei
undergoing cell division (4C/2C ratio) was lowest
in the control (leaf tip) subsection and subsection
C4 (Figure 3B). Cell division was significantly higher
in subsection C2 than in subsection C1, while
subsection C3 was intermediate between subsec-
tion C1 and the control (leaf tip). In terms of
in vitro regeneration, over 95% of segments from
subsection C1 responded, while a mere 23% of
explants from subsection C2 responded even
though cell division in this region was highest
(Figure 3A). The response of seedling and hypocotyl
subsections to the various hormone combinations
was consistent and similar both within and between
treatments, thus results were combined. Explants
from subsections C3 and C4 exhibited a negligible
response, even though subsection C3 had a sig-
nificantly higher cell division activity than the
control. It was expected that a response in vitro

would follow similar trends to those found in cell
division, with the control region having lowest
regeneration and subsection C2 having the best
response. This was not the case, and it appears that
cell division and an in vitro response are not linked.

In order for a cell to be classified as totipotent, it
must undergo numerous coordinated cell divisions
and regenerate into a plant. This can occur by
direct or indirect organogenesis or alternatively, by
embryogenesis (either somatic, gynogenic or an-
drogenic)(Pechan and Smykal, 2001). But is the
converse true — can a cell be classified as totipotent
by virtue of the fact that it is undergoing cell
division? Once division is complete, two cells are
produced that have not yet committed to differ-
entiation, and presumably are quite plastic in
terms of their fate, which will depend on the
signals they perceive from their microenvironment.

Can a cell, by virtue of the fact that it is
undergoing cell division, be classified as pluripo-
tent? This would not seem to be logical, since for
example, meristemoids are only capable of limited
cell division activity. It is well known that expres-
sion of genes, primarily transcription factors, is
responsible for determining cell fate (Taiz and
Zeiger, 2002) and this occurs because cell fate in
plants is determined by position (the surrounding
physiological environment and cell-cell communi-
cation) not lineage. Is it then reasonable to
speculate that if actively dividing cells are removed
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Figure 3. Invitro response, cell division activity and hormone content of Watsonia lepida hypocotyl subsections. (A) In
vitro response; (B) cell division activity; (C) total auxin content; (D) total cytokinin content; (E) distribution of different
auxins and (F) distribution of functional cytokinins. Bars with different letters are significantly different (p<0.05).
Insufficient plant material was available for additional replicates of (D) and (F), hence no SE bars are indicated.

from their positional cues and exposed to stimuli
that promote continued cell proliferation, then
differentiation would be halted and the meriste-
matic quality maintained?

Unlike animal cells, plant cells are confined by a
cell wall. A recent study by Avivi et al. (2004)
suggests that protoplast formation from Arabidop-
sis leaf mesophyll cells results in de-differentia-
tion. Apparently, this enzyme-mediated removal of
the cell wall is sufficient to induce pluripotentiality
(Grafi, 2004). Could isolating cells from intercel-
lular signalling by removing them from the influ-
ence of surrounding tissues play a role? This could

well be important, since cell fate is determined not
only by lineage but also by the position of the cell
within the plant body (Angenent et al., 2005).
Thus, the cell wall is probably not the only factor
but consideration must also be given to the fact
that ““...multicellularity has imposed extra layers
of complexity that impinge on the balance of cell
proliferation and growth, differentiation and orga-
nogenesis.” (Guiterrez, 2005). This may account
for the low regeneration found in W. lepida tissues
actively undergoing division.

While external conditions control the location
and number of stem cells in a meristem, it is the
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internal signals that regulate organ formation
and initiate cell differentiation (Castellano and
Sablowski, 2005). Polar auxin transport has been
theorized to be involved in the development of leaf
primordia that occurs in daughter cells on the
periphery or just outside the meristem (Reinhardt
et al., 2003). This, however, did not occur in W.
lepida and cells in hypocotyl subsection C2 are
probably not part of the meristem. Although auxin
was present in the culture medium, no further
development was observed.

In the case of W. lepida hypocotyl sections,
despite the presence of both auxin and cytokinin,
key cell-cycle regulators and morphogenic agents
(Sieberer et al., 2003), a high level of cell division
in subsection C2 was not translated into subsequent
organ or plant regeneration. Could the positional
cues that restrict cell proliferation be in place
in such young tissues, and can they continue to
operate despite being excised from the rest of the
plant?

The presence of meristematic tissue and the age
and physiological status of explants are important
factors that contribute to successful in vitro
response. Monocotyledonous plants that produce a
dormant storage organ have basally positioned
meristems. In seedlings that have not yet formed
a corm, the meristem is likely to be at the very base
of the shoot. Thus, subsection C1 contains the
meristem, as a lower rate of cell division could
signify that the cells are quiescent (in other words,
stem cells). Subsection C2 may contain meriste-
matic cells that are not necessarily stem cells, as
well as cells that have just exited the meristem and
beginning differentiation. Subsection C1 has mark-
edly higher regeneration ability than C2 despite
both having high rates of cell division. Because the
cells in C2 are young and unspecialised, it was
thought that in vitro response would be similar in
these two regions. These cells are not terminally
differentiated since they have no irreversible

modifications of their cell walls and contain their
nucleus, and so should be responsive given correct
induction conditions. It is also possible, however,
that the conditions in the present study were not
optimal.

Structure of hypocotyl subsections

Hypocotyl subsections C1-C4 were viewed under
a light microscope to gain a better understanding of
what was happening structurally. The micrograph
of section C1 is shown in Figure 4A, and subsections
C2-C4 are shown by Figure 4B, as little structural
difference was found between these three sec-
tions. Section C1 contains the meristem as in-
dicated by the small, isodiametric cells with dense
cytoplasm and the presence of developing leaf
primordia (Figure 4A). This accounts for the high
percentage of explants from this section that were
successfully regenerated in vitro, as this tissue is
competent to divide, grow and differentiate.

Cells of subsection C1 are developmentally
plastic and able to respond to external cues, such
as the presence of exogenous hormones in the
culture medium. In contrast, subsections C2-C4 and
the leaf tip, are comprised of various cell types
differentiated and grouped into tissues (Figure 4B).
Four groupings of vascular bundles are separated
by cortical parenchyma. In subsection C2, small
meristematic-like cells were observed surrounding
the vascular bundles. This presumably contributes
to the high rates of cell division detected with
flow cytometry analysis. Certainly, cells in C2 have
exited the meristem, and therefore are in a
physiological environment that promotes differen-
tiation.

Recently, Potters et al. (2006) postulated the
notion that plants exhibit common responses to
a wide range of abiotic stresses. This was termed
a ‘stress-induced morphogenic response’, and

Figure 4. Micrographs illustrating transverse sections of Watsonia lepida hypocotyl subsections. (A) Subsection C1

(M, meristem; LP, leaf primordium) and (B) subsection C2.
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comprises three components: (1) inhibition of cell
elongation; (2) localised stimulation of cell division
and (3) changes in morphogenesis/differentiation
(Potters et al., 2006). Although these concepts are
mainly drawn from reports relating to a whole-
plant response, the question must be asked,
whether this applies to isolated organs and tissues
as in W. lepida hypocotyl segments? If so, then
excision from the parent plant and being placed in
an artificial environment with growth regulators is
a significant abiotic stress. This should, therefore,
promote cell division and morphogenesis, leading
to a response in culture. However, this was only
observed in subsection C1, and not the highly
dividing cells of subsection C2.

Hormone concentrations within hypocotyl
subsections

To determine if the differences observed in cell
division and in vitro regeneration were caused by
hormonal differences, level and type of auxins and
cytokinins within the different hypocotyl subsec-
tions (C1-C4) were quantified. The sum of auxins
quantified in subsections C1-C3 was similar, with
C4 containing less auxin (Figure 3C). By far, the
greatest contribution to the auxin pool came from
IEt, a reversible storage form of IAA (Figure 3E).
This indicates the seedlings are carefully control-
ling free IAA levels by reversible sequestration so
that ample supply is ready when needed. Apart
from a higher IAM content in C2, there are no other
differences between hypocotyl subsections for
auxin type and content.

Total cytokinin content was highest in subsec-
tions C3 and C2, with C1 having slightly less
cytokinins (Figure 3D). Subsection C4 and the leaf
tip control had very little cytokinin. This suggests
that differences in cell division and regeneration
are not easily explained by total cytokinin content,
as subsections C1-C3 had different cell division
rates and different regeneration frequencies, but
similar cytokinin levels.

The majority of cytokinins present in subsections
C1, C2 and C3 are the ribotides (5-monopho-
sphates). In subsection C4, free bases dominate,
while in the leaf tip, O-glucosides and free bases
dominate (Figure 3F). Compared to the other
regions, the concentration of free-base cytokinins
in subsection C1 is substantially lower. Interest-
ingly, this is the region that produces the highest
regeneration response in vitro. This could suggest
that higher endogenous concentrations of free-base
cytokinins inhibit or repress cells from re-differ-
entiating and entering the cell cycle. However, this

cannot account for the high levels of cell division in
C2 and low levels in C3, C4 and the leaf tip.
Although embryogenic callus is characterized by
a higher endogenous IAA content compared to non-
embryogenic callus (Jiménez and Bangerth,
2001a, b), in both types of callus, proliferation
continued, whereas in W. lepida very little pro-
liferation was observed. Organogenesis is thought
of as a multi-step process, requiring at least the
acquisition of competence to respond to organo-
genic signals followed by commitment to that
pathway (Moncalean et al., 2005). Acquisition of
competence requires de-differentiation and prolif-
eration of at least some cells. This was not
observed in W. lepida subsection C2, suggesting
that cells are not competent to respond to
morphogenic signals. In Pinus cotyledons, acquisi-
tion of competence occurred within three days of
culture when endogenous BA and benzyladenosine
(BAR) were detected (Moncalean et al., 2005).
Despite these compounds being present in subsec-
tion C2 of W. lepida hypocotyls, they were unable
to respond. This suggests that additional factors
may be at play to regulate cell proliferation.
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Hormones are present in seaweeds, but little is known about their biosynthesis and regulation. The aim of this study was to
investigate variation in concentration and composition of endogenous cytokinins, auxins and abscisic acid in two seaweeds
collected over a 1 year period to gain a more complete picture of the types of hormones present during a range of environ-
mental and developmental conditions. Ulva fasciata (Ulvales, Chlorophyta) and Dictyota humifusa (Dictyotales, Phaeophyta)
were collected bimonthly from the inter-tidal zone at Rocky Bay, South Africa. Ethanol extracts of the samples containing
a mixture of internal standards were purified using a combined DEAE-Sephadex-octadecylsilica column, followed by
immuno-affinity chromatography and analysed by high-performance hiquid chromatography — mass spectrometry to quantify
different cytokinins, auxins and abscisic acid. cis-Zeatin, isopentenyladenine and their ribotide and riboside conjugates were
the main cytokinins present in both U. fasciata and D. humifusa with low concentrations of rrans-zeatin, dihydrozeatin and
aromatic cytokinins. Very low concentrations of O-glucosides and riboside-O-glucosides and no N-glucosides were detected in
any of the samples. Based on the cytokinins detected, we propose that as in higher plants, the ribotides are also the first
intermediates formed during de novo biosynthesis in seaweeds and are subsequently converted to free-bases and ribosides. The
only indole compounds detected in both species were free indole-3-acetic acid and indole-3-acetamide (IAM), suggesting that
1AM is the intermediate in auxin biosynthesis. Endogenous abscisic acid was detected in most samples with levels in U. fasciata
generally being higher than those measured in D. humifusa.

Key words: abscisic acid, auxins, cytokinins, Dictyota humifusa, endogenous plant hormones, Ulva fasciata

Introduction evolutionary lineages, all 31 species had very similar
cytokinin profiles in regard to cytokinin types, con-
jugation forms and their concentrations (Stirk er al.,
2003). Indole-3-acetic acid (IAA) has been identi-
fied in Caulerpa paspaloides (Jacobs et al., 1985) and
abscisic acid (ABA) in Ulva lactuca (Tietz et al.,
1989), Ascophyllum nodosum (Boyer & Dougherty,
1988) and three Laminaria species (Schaffelke,
1995a).

Very little is known about the biosynthesis and
regulation of these hormones in seaweeds. Like
vascular plants, scaweeds have many different
growth and reproductive events during their life
history that correlate to seasonal environmental
fluctuations. These require some means of physio-
logical control. It may be expected that if plant
hormones are important in regulating growth and
developmental processes in seaweeds, they will
Correspondence to: Wendy A. Stirk. E-mail: stirk(@ ukzn.ac.za show some seasonal fluctuations in their

Endogenous hormones play a central role in plant
cell proliferation in vascular plants, regulating
specific plant cell-cycle genes including those
involved in DNA synthesis (Francis & Inzé, 2001).
They also play a critical role in stimulating or inhi-
biting many physiological processes. Seaweeds also
contain plant hormones, and cytokinins have been
identified in Sargassum muticum (isopentenylade-
nosine - iIPR and cis-Zeatin — ¢Z), Porphyra perfor-
ata (IPR; Zhang et al., 1991) as well as Laminaria
Japonica (IPR and ¢Z; Duan et al., 1995). More
recently, nineteen cytokinin types including both
isoprenoid and aromatic forms were identified in 5
Chlorophyta, 7 Phaeophyta and 19 Rhodophyta
(Stirk et al, 2003). Despite their diverse
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composition and concentrations. Studies in the
1980s demonstrated there was a seasonal variation
in cytokinin-like activity in some brown seaweeds,
with an increase in cytokinin-like activity (cyto-
kinin free bases and riboside-like activity) in
samples collected during periods of active
growth, while there was an increase in cytokinin-
O-glucoside-like activity in samples collected
during periods of slower growth in Ecklonia
maxima (Featonby-Smith & van Staden, 1984),
Sargassum heterophyllum (Mooney & van Staden,
1984) and Macrocystis pyrifera (de Nys et al.,
1990). Cytokinin-like activity also increased in
the vegetative laterals of Sargassum heterophyllum
to coincide with gamete release and the onset of
regenerative growth, while activity in the reproduc-
tive laterals increased to coincide with gamete
release and receptacle initiation (Mooney & van
Staden, 1984). The highest cytokinin-activity (free
base and riboside-like activity) was detected near
the intercalary meristem in the youngest blades
of Macrocystis pyrifera, whereas the older portions
of the blade had higher levels of cytokinin-
O-glucoside-like activity (de Nys et al., 1990).

By monitoring the change in the hormone com-
position over a period of time, where different
growth conditions are experienced, it should be
possible to gain a more complete picture of the
endogenous hormones present in seaweeds. The
aim of this study was to investigate changes in
the concentration and composition of endogenous
cytokinins, auxins and ABA in two seaweed species
collected over a 1-year period and, based on these
results, to provide a framework to understand
their hormone biosynthesis and homeostasis. Ulva
fasciata Delile (Ulvales, Chlorophyta) was selected
as it grew furthest up the intertidal zone
and so would be exposed to the most extreme
environmental fluctuations. It is also of the same
evolutionary lineage as vascular plants. Dictyota
humifusa  Hornig, Schnetter &  Coppejans
(Dictyotales, Phaeophyta) was selected for com-
parative purposes, being of a different eukaryotic
lineage to U. fasciatia.

Materials and methods

Ulva fasciata and D. humifusa were collected within
a 50m? area at Rocky Bay (30°23°S; 30°43’E) situated
on the east coast of South Africa. Ulva fasciata was
always collected from the same small rock pool situated
in the upper intertidal region while D. humifusa was col-
lected from a gully in the mid intertidal region. It was
necessary to harvest a number of individual thalli and
pool them into a single sample to obtain sufficient bio-
mass for the hormone analysis. Six bimonthly collections
were made within a few days of the new moon to corre-
spond with spring tide during 2004 (23 Jan, 22 Mar, 23
May, 17 Jul, 12 Sep and 14 Nov). KwaZulu-Natal is
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a ‘summer rainfall area’ with average seawater tempera-
tures fluctuating between 18°C and 24°C depending on
the time of year (De Clerck e al., 2005). The samples were
transported to the laboratory in a cool-box. Epiphytes
were removed, the samples freeze-dried and then stored
at —70°C until analysed.

Identification and quantification of cytokinins

Duplicate samples (200 mg DW) were analysed for endo-
genous cytokinins using a modified protocol as
described by Novak er al. (2003). During extraction
in 70% ice-cold ethanol, a cocktail of 16 isoprenoid
and 7 aromatic deuterium and '*N-labelled standards
(Olchemim Ltd., Czech Republic) was added (sce
supplementary  material  available from  http://
www.informaworld.com/mpp/uploads/stirk_et_al._
supplementary_material.pdf), each at 5pmol per sample
to check recovery during purification.

After 3h of extraction, the homogenate was centri-
fuged (15000 x g,4°C) and the pellets re-extracted
using the same procedure. The combined supernatants
were concentrated to approximately 1.0ml under
vacuum at 35°C, diluted to 20 ml with ammonium acet-
ate buffer (40mM,pH 6.5) and purified using
a combined DEAE-Sephadex (1.0 x 5.0 cm)-octadecylsi-
lica (0.5 x 1.5cm) column, splitting the samples into two
fractions. The first fraction included cytokinin free
bases, ribosides, 9-glucosides and O-glucosides, the
second fraction contained ribonucleotides. The first
fraction was purified by immunoaffinity chromatogra-
phy (IAC) based on generic monoclonal cytokinin anti-
body (Faiss et al., 1997). The samples were dissolved in
50 pl 70% ethanol and 450 pl phosphate buftfer solution
(PBS: 50mM NaH,POy,, 15mM NaCl, pH 7.2) and sub-
sequently applied onto immunoaffinity columns. The
immunoaffinity column was equilibrated  with
10mIPBS before sample loading. The sample was
repeatedly (five times) applied onto the immunoaffinity
column. The column was then rinsed with 10 ml PBS and
10 mlwater. The bound cytokinins were eluted by 3ml
100% methanol.

O-glucoside derivatives not retained on the immuno-
columns were treated with B-glucosidase and immuno-
purified again, giving a second so called ‘OG-fraction’.
Cytokinin ribonucleotides were treated with alkaline
phosphatase and subsequently purified using the same
IAC, as described above. All samples were evaporated
in vacuo and stored in a freezer (—20°C) until further
analysis was performed.

The samples were analysed by high performance
liquid chromatography (HPLC) (Waters Alliance 2690)
linked to a Micromass ZMD 2000 single quadrupole
mass spectrometer (HPLC-MS) equipped with an elec-
trospray interface [LC(+)ES-MS] and photodiode array
detector (Waters PDA 996). Samples dissolved in 75 pi
of the mobile phase for HPLC, were injected on a C18
reverse phase column (Waters; Symmetry; 3.5pum;
150mm x 2.1mm) and elution performed with
a methanolic gradient composed of 100% methanol
(A) and 15mM formic acid (B) adjusted to pH 4.0
with ammonium. At a flow rate of 250pulmin~'

?
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the following protocol was used: Omin 10% A +90% B
— 25min linear gradient; 50% A + 50% B - 30 min iso-
cratic elution; 50% A + 50% B then column equilibra-
tion. Using a post-column split of 1:1, the effluent was
introduced into an electrospray source (source block
temperature 100°C, desolvation temperature 250°C,
capillary voltage + 3.0V, cone voltage 20V) and PDA
(scanning range 210-300nm; with 1.2nm resolution)
and quantitative analysis of the different cytokinins per-
formed in selective ion recording mode. Quantification
was performed by Masslynx software using a standard
isotope dilution method. The ratio of endogenous cyto-
kinin to appropriate labeled standard was determined
and further used to quantify the level of endogenous
compounds in the original extract, according to the
known quantity of added internal standard (Novak
et al., 2003).

Identification and quantification of auxins

To the duplicate samples of 50 mg DW, 1 ml of cold phos-
phate bufter (50mM PBS; pH 7.0) containing 0.02%
sodium diethyldithiocarbamate and a cocktail of twelve
ISN- and/or 2H,-labelled internal standards (Olchemim
Ltd., Czech Republic) was added (see online supplemen-
tary data at http://www.informaworld.com/mpp/
uploads/stirk_et_al._supplementary_material.pdf). Except
for [PHsJTAA (100 fmol mg ™' of sample), all internal stan-
dards were added at 20 fmolmg ™' of sample. A tungsten-
carbide bead (3mm diameter) was inserted into each
sample. Samples were homogenised with a Mixer Mill
Retsch MM 301 (2 min; 30 Hz) and subsequently gently
shaken in the dark at 4°C for 5Smin.

After centrifugation (26000 x g; 15min; 4°C) the
supernatants were transferred into Eppendorf tubes,
acidified with 1M HCI (pH 2.7), stirred and applied on
C8 columns (Bond Elut, 500mg,3ml; Varian), pre-
washed with 2ml of methanol and equilibrated with
2ml 1% HCOOH. The columns were then washed
twice with Iml 10% methanol acidified with 1%
HCOOH and the metabolites eluted with 2 ml 70% acid-
ified methanol. The eluates were evaporated to dryness
in vacuo. After methylation with diazomethane, the sam-
ples were dried under a mitrogen stream, dissolved in
a mixture of 50l 70% ethanol and 450 pi 20 mM PBS
(pH 7.2) and subjected to auxin-specific immunoaffinity
extraction almost identical, in terms of its execution, to
that for melatonin (Rol¢ik ¢r al., 2002). The immuno-
columns were preconditioned before sample purification
with 9ml PBS, 9mlH,0, 3mlMeOH, 6 ml H,O and
9mlPBS. The following procedure was developed for
using the IAA immuno-columns for the sample purifica-
tion: a five times repeated application of the
auxin-containing sample in PBS (1 ml); washing with
distilled H,O (9 ml); elution of the retained auxins with
100% MeOH (3ml, —20°C) into a silanised glass tube;
washing with distilled H,O (6 ml); and washing with
PBS (9ml). After evaporation of the MeOH sample,
the residue was reconstituted in 30ul of 25%
MeOH (10 mM HCOOH). A 15 ul aliquot of the mixture
was injected for HPLC-MS quantification of auxins.
Analysis was performed by tandem mass spectrometry
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(MS/MS) after HPLC separation (Acquity, Waters).
The accurate separation of the 15 indole metabolites was
obtained on a Symmetry C18 column (150 x 2.1 mm;
5um; Waters) at 30°C by linear gradient elution from
25% to 60% (v/v) acidified methanol (1M HCOOH, pH
3.5) at a flow-rate of 250 ulmin~'. The effluent was
introduced into an electrospray source (source block
temperature 100°C, desolvation temperature 300°C,
capillary voltage 500V, cone voltage 21 V). The metabo-
lites were measured in MRM mode with the collision
energy set at 13 V. Quantification based on a standard
isotope dilution method was performed by Masslynx
software (Rolcik er al., 2002).

Purification and quantification of ABA

Duplicate  samples of the Iyophilised tissues
(30-500 mg DW) were powdered using a MM 301 vibra-
tion mill (Retsch GmbH & Co. KG, Haan, Germany) at
a frequency of 30 Hz for 3 min after adding 3mm tung-
sten carbide beads (Retsch GmbH & Co. KG, Haan,
Germany) to each tube and extracted with 750 plice-
cold methanol/water/acetic acid (80/19.5/0.5,v/v) con-
taining sodium diethyldithiocarbamate (400 pugg™"
DW) as an antioxidant. To check recovery during pur-
ification and to validate quantification, deuterium-
labeled ABA (50 pmol [PH¢J(+)ABA) was added to the
samples as an internal standard. After 1 h extraction, the
homogenate was centrifuged (15000 rpm; 10min; 4°C)
and the pellets re-extracted the same way. The combined
extracts were transferred by pipette onto a 1mlC18
column (100 mg, Varian, USA), which was conditioned
with 1 ml methanol. The samples were eluted with 1ml
methanol/water/acetic acid mixture (80/19.5/0.5,v/v/v)
and dried under vacuum. The dried extracts were methy-
lated by an excess of ethereal diazomethane, and after
10min incubation at room temperature, were evapo-
rated under a nitrogen stream. The final purification
step was based on (+)ABA specific immunoaffinity
chromatography (IAC). The high affinity polyclonal
antibodies used in the TAC were raised against Cl-
conjugated (+)ABA with bovine serum albumin (BSA)
and thus were specific for the free acids and their respec-
tive Cl-derivatives (Weiler, 1982). The purified samples
from the C18 columns were dissolved in 100 pl of 70%
EtOH and 400 ul PBS and passed through the IAC col-
umns five times. After washing with 9 ml H,O, the IAC
columns were eluted with 3ml 80% methanol/water/
acetic acid (80/19.5/0.5, v/v; —20°C) into silanised glass
tubes. After evaporation of the samples under a nitrogen
stream, the residues were reconstituted in 100% MeOH
and 10mM HCOOH (30:70). Endogenous ABA levels
in the seaweed samples were analysed in duplicate
by LC(+)ES-MS as previously described (Hradecka
et al., 2007).

Results
Endogenous cytokinins

Despite their different evolutionary origins, both
species had very similar cytokinin profiles. Eleven
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isoprenoid and four aromatic cytokinins were iden-
tified in U. fasciata and ten isoprenoid and two
aromatic cytokinins in D. humifusa with isoprenoid
cytokinins occurring at much higher levels com-
pared to the aromatic cytokinins (Fig. 1). The
majority of the cytokinins detected in the two sea-
weed species were of isopentenyladenine (iP) and
¢Z origin. Among the others, only frans-zeatin
(tZ), two dihydrozeatin-types (DHZ) and four aro-
matic cytokinins were identified. The latter
occurred at very low concentrations (Table 1).
The cytokinin ribotide concentrations of isopente-
nyladenosine-5’-monophosphate (iIPRMP) and cis-
zeatin riboside-5-monophosphate (¢ZRMP) and
the free base iP were the main cytokinin forms
present in both U. fasciata and D. humifusa.
Cytokinin ribosides generally occurred in lower
concentrations compared to the ribotides and
very low concentrations of the cytokinin-O-gluco-
sides and cytokinin riboside-O-glucosides were
measured with less than 2.1 pmolg™' DW being
detected (Table 1; Fig. 2). No N-glucosides were
detected in any of the samples.

There was a gradual decrease in the cytokinin
concentration in U. fasciata corresponding with
lower water temperatures and the lowest cytokinin
concentration was detected in May. With the onset
of spring, there was an increase in the cytokinin
content with the highest cytokinin concentration
being recorded in September (Fig. 1a). This trend
was mainly due to fluctuations in the ribotide
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Fig. 1. Changes in the total endogenous cytokinin content
in (a) Ulva fasciata and (b) Dictyota humifusa collected from
Rocky Bay, South Africa over a 1 year period. Isoprenoid
cytokinins are shown as the sum total of the iP-, ¢Z-, tZ-
and DHZ-type cytokinins and aromatic cytokinins as the
sum total of the BA- and topolin-type cytokinins detected
in each sample. Abbreviations as in Table [.
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concentrations (Fig. 2a). There was less variation
in cytokinin concentrations in the D. humifusa
samples (Fig. 1b).

Endogenous auxins

Although the method used in this study is able to
detect most indole forms at very low detection
limits (see online supplementary data at http://
www.informaworld.com/mpp/uploads/stirk_et_al.
supplementary_material.pdf), the only indole com-
pounds detected in the two seaweed species were
free IAA and indole-3-acetamide (IAM). TAM gen-
erally occurred in lower concentrations than TAA
except in the U. fasciata sample collected in
September where the IAM concentration was
approximately three times higher than IAA
(Fig. 3). Auxin concentrations followed a similar
trend to the cytokinins in U. fasciata, with lower
concentrations detected in the samples collected
during the cooler months and an increase in con-
centration in the warmer months (Fig. 3a). This
trend was not apparent in D. humifusa with the
lowest amounts detected in the January, July and
September (Fig. 35).

Endogenous ABA
ABA was detected in both U. fusciata and D. humi-

fusa. ABA concentrations did not vary greatly in

U. fasciata except for the sample collected in
September where the ABA levels doubled
(Fig. 4). Concentrations were always lower in
D. humifusa compared to those measured in
U. fasciata (Fig. 4).

Discussion

Cytokinins are classified according to the nature of
their N°side chain. Tsoprenoid cytokinins are
divided into four groups, iP, tZ, ¢Z and DHZ,
with aromatic cytokinins falling into two groups,
benzyladenine (BA) and topolins. Conjugates of
these free-bases include ribosides, ribotides (ribo-
side-5’-phosphates), O-glycosides, N-glycoside and
amino-acid conjugates. In vascular plants, rZ and
its metabolites, including DHZ, are the most pre-
valent cytokinins, while iP-type cytokinins are
generally minor components; however, in non-vas-
cular plants such as mosses or algae, iP is generally
the principle free cytokinin (Auer, 1997). The
results from this study concur with this report,
with iP- and ¢Z-type cytokinins being the prevalent
cytokinin types in the two species analysed, with
very few tZ and DHZ-type cytokinins being
detected (Table 1). The concentrations of cytoki-
nins detected in these two seaweed species is
comparable to that found in the water fern
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Table 1. Cytokinin concentrations (pmol g~' DW) detected in Ulva fasciata and Dictyota humifusa collected from Rocky Bay,

South Africa over a 1 year period (2004).

Cytokinin Collection date

23 Jan 22 Mar 23 May 17 Jul 12 Sep 14 Nov
U. fasciata
1P - 2444021 0.66+0.12 5.50+0.83 3.19+0.49 3.76+1.06
1PR 1.41 £0.16 1.39+0.24 1.454+0.31 1.44 +£0.36 1.73 £ 0.52 2.231+0.18
iPRMP 3.08£0.52 2.691+0.16 1.48+0.43 1.32+0.28 2.14+0.24 2944043
Z - 0.31+0.02 - 2.74+£0.43 2.80+0.67 2.18+0.28
¢ZR 0.81+£0.02 0.83+£0.05 0.27+0.02 097+£0.19 4.77+£0.82 2.30+0.3]
¢Z0G - 0.26 +£0.01 - 0.22+40.14 0.37+0.05 0.69+0.05
¢ZROG - 0.32+0.01 - 0.141+0.02 0.40+0.13 0.26+£0.01
¢ZRMP 2033+ 1.14 5.32+047 - 7.024+0.26 1842454 37.924+2.14
tZ - - - 0.20+0.01 0.13+£0.00 0.09 +0.00
DHZ 0.30+£0.03 0.73+£0.14 - - - -
DHZOG 2.174+0.26 0.92+0.08 0.97+0.13 - - -
BA 0.57+0.11 0.30+0.02 0.36+0.05 0.35+0.02 0.33+0.01 0.29+0.01
BAR 3.43+0.08 1.78 £0.23 - - - -
oT 0.34+£0.04 0.37+£0.04 - - 0.02+0.00 0.23+0.01
oTR - - - 0.15£0.00 0.11£0.00 0.16 £0.00
D. humifusa
1P 1.11£0.15 15.15+2.16 10.53+1.56 49.58 £ 6.31 19.69 + 1.09 22.47+2.36
1IPR 0.68+0.23 3.484+0.38 3.38+0.53 5.63 £0.65 1.93+£0.04 14.07£2.11
iIPRMP 3.21£0.46 3874046 4.80+1.14 2.504+0.43 4.13+1.18 5.28+1.06
cZ 0.13+0.03 1.36 +£0.24 0.30+£0.01 2.2810.15 0.50 £ 0.06 1.06+0.15
¢ZR 0.29 £ .006 1.264+0.23 0.33+0.02 0.87+0.20 0.27+0.01 2.80+0.59
cZ0G 0.30+0.02 0.601+0.18 0.26 £ 0.01 1.40+0.29 0.56 £0.04 1.26+£0.43
¢ZROG 0.38+£0.07 0.641+0.12 0.474+0.01 0.73+0.15 0.38 +£0.07 2.46+0.58
¢ZRMP 28424215 8.824+0.49 4.05+0.23 1.96 £0.26 3.16+0.33 14.66+1.13
tZ - - - 0.33+£0.02 - -
DHZOG - 0.45+0.11 - - 0.28+0.01
BAR - 6.64+0.32 3.69+0.41 3.00+0.16 - -
oT - - 2264024 0.28 £0.0] 0.25+0.0] 0.19+0.01

Results are presented as mean + SE (1 =2). — indicates that cytokinins were below the limit of detection.

Abbreviations: BA: 6-benzylaminopurine; BAR: 6-benzyladenosine; ¢Z: cis-zeatin; ¢ZOG: cis-zeatin-O-glucoside; ¢ZR: cis-zeatin riboside;
¢ZROG: cis-zeatin ribosides-O-glucoside; ¢ZRMP: cis-zeatin riboside-5’-monophosphate; DHZ: dihydrozeatin; DHZOG: dihydrozeatin-O-
glucoside; iP: isopentenyladenine; iPR: isopentenyladenosine; iPRMP: isopentenyladenosine-5’-monophosphate; oT: ortho-topolin; oTR:

ortho-topolin riboside; tZ: trans-zeatin.

Salvinia molesta D.S. Mitchell (82 pmolg™' DW)
using the same method (Arthur et al, 2007).
However, these concentrations were between 2
and 10-fold lower than cytokinin concentrations
found in germinating Tagetes minuta L. achenes
(Stirk er al., 2005) and germinating Pisum sativum
L. seeds (Stirk et al., 2008).

Many cytokinin forms are inter-convertible in
plant tissues, with these conversions mediated
by specific enzymes. Furthermore, even a small
substitution to the side chain has a large effect on
biological activity, metabolic stability and resis-
tance to degradation (Sakakibara, 2006). As little
is known about cytokinin biosynthesis and
homoeostasis in seaweeds, our knowledge of cyto-
kinins in vascular plants provide a starting point in
this regard.

As in the previous study where 31 seaweed spe-
cies were analysed for their endogenous cytokinin
content using the same method as in this study
(Stirk er al., 2003), ¢Z and its conjugates occurred
in much higher amounts than rZ-type cytokinins
in both U. fasciata and D. humifusa. cis-Zeatin

is generally much less active in bioassays than (Z
(Sakakibara, 2006). In vascular plants, ¢Z deriva-
tives are produced by an alternative pathway
where tRNA degradation leads to the formation
of ¢Z. Recent studies with Arabidopsis suggest
the involvement of the mevalonate pathway in
the biosynthesis of ¢Z derivatives, with the first
step catalysed by tRNA-isopentenyl-transferases
(Kasahara ez al., 2004). This alternative pathway
allows for the independent regulation of ¢Z deriva-
tives from other isoprenoid cytokinins (Kasahara
et al., 2004; Sakakibara, 2006). The possibility of
such an alternative pathway for the production
of ¢Z derivatives existing in the various seaweed
phyla needs to be established in view of the con-
sistently high ¢Z derivative concentrations detected
in the seaweed samples analysed in this study
(Table 1) and previously (Stirk et a/., 2003).

In vascular plants, the ribotides (S-mono-,
di-, triphospates of iRP and ZR) are the first
metabolites formed in both the iP-dependent and
iP-independent biosynthetic pathways (Astot et al.,
2000; Sakakibara & Takei, 2002) and thus play
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Fig. 2. Changes in the endogenous cytokinin composition
of free bases (i1P,c¢Z,tZ, DHZ,BA and oT), ribotides
(iIPRMP and ¢ZRMP), ribosides (iIPR,c¢ZR, BAR and
0oTR) and O-glucosides (¢ZOG, ¢ZROG and DHZOG) in
(a) Ulva fasciata and (b) Dictyota humifusa collected from
Rocky Bay, South Africa over a | year period.
Abbreviations as in Table 1.
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Fig. 3. Changes in the endogenous auxin content in (a)
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Fig. 4. Changes in the endogenous abscisic acid (ABA)
concentration in Ulva fasciata and Dictyota humifusa col-
lected from Rocky Bay, South Africa over a 1 year period.
Results are presented as mean + SE,

a key role in cytokinin biosynthesis. They are also
more resistant to degradation by cytokinin oxi-
dases compared to free-bases and ribosides
(Armstrong, 1994; Galuzska, personal communica-
tion). In the two seaweeds analysed in this study
and previously (Stirk et al., 2003), the ribotide
iPRMP generally occurred in the highest concen-
trations. Both iPRMP and ¢cZRMP concentrations
followed a seasonal trend with lower concentra-
tions recorded during the winter months and
increasing sharply in spring and early summer in
both U. fasciata and D. humifusa (Fig. 2). This
suggests that the ribotides play a key role in
de mnovo cytokinin biosynthesis in seaweeds, as
they do in vascular plants, and that they are an
important source for conversion to other cytokinin
conjugate forms.

Free-bases and ribosides are the most active
cytokinin forms in vascular plants, binding with
high affinity to different receptors to elicit
a physiological response (Spichal er al., 2004;
Yonekura-Sakakibara et al., 2004). However,
both forms are susceptible to degradation by cyto-
kinin oxidase (Armstrong, 1994). Assuming that
the cytokinin free-bases and ribosides are the phy-
siologically active forms in seaweeds, as they are in
vascular plants, it would appear that they are
derived from the ribotides and their levels are gen-
erally lower due to them being actively utilised in
various growth processes, especially during the
warmer summer months.

In vascular plants, free-bases and ribosides can
be converted to O-glucosides by O-glycosyltrans-
ferases. When required, they are easily hydrolysed
by B-glucosidase to their free-bases and ribosides.
Thus, they are considered storage forms
(Sakakibara, 2006). Glucosylation of the adenine
ring at the 3-, 7- or 9-position forms N-glycosides.
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These cytokinins have no or low activity in bioas-
says, are not readily converted to other cytokinin
forms and are extremely resistant to enzymatic
degradation (Sakakibara, 2006). Thus they are con-
sidered as deactivation products. Only low concen-
trations of O-glucosides and no N-glucosides were
detected in the two seaweeds analysed in this study.
This is consistent with the results reported for the
31 seaweed species previously analysed (Stirk ef al.,
2003). If the glucosides have the same storage and
deactivation functions as in vascular plants, this
implies that unlike vascular plants, glucosylation
is not a mechanism extensively used in the regula-
tion of the concentration of the active cytokinin
forms. Also, it is not known if cytokinin oxidase
is found in any seaweeds and if it would be neces-
sary to structurally modify the side chain to
enhance stability against cytokinin oxidase.

Based on these results, we suggest that in sea-
weeds the levels of active isoprenoid cytokinins
are regulated directly by biosynthesis of iPRMP,
followed by the conversion of ribotides to ribosides
and free-bases rather than N-glucosides. Further
experiments using radio-labelled cytokinins to
follow the inter-conversion pathways are needed
to either confirm or disprove this theory on cyto-
kinin homoeostasis in seaweeds. Glucosylation and
the presence of cytokinin oxidase enzymes in sea-
weeds also need to be investigated to further under-
stand the mechanisms for controlling cytokinin
levels in seaweeds.

Endogenous aromatic cytokinins are now routi-
nely found in vascular plants (Taylor et al., 2003).
Their occurrence has also previously been reported
in microalgae (Orddg et al., 2004) and seaweeds
(Stirk et al., 2003). Although aromatic and isopre-
noid cytokinins have overlapping spectra of biolo-
gical activity, evidence suggests that they are not
merely alternative forms of the same signal and
that they have separate biosynthetic pathways
(Strnad, 1997). Their physiological function is not
well understood but they do show a short-term
increase in response to light and stress in vascular
plants (Strnad, 1997). There 1s also clear discrimi-
nation of aromatic and isoprenoid cytokinins at
the receptor level (Spichal et al., 2004). The inter-
action of aromatic cytokinins with cellular signal-
ing systems also appears to be different to that of
isoprenoid cytokinins (Dolezal et al., 2006, 2007).
Only four aromatic cytokinins were detected in the
two seaweed species analysed in this study with
benzyladenosine (BAR) occurring at relatively
high concentrations in both species (Table 1).
The physiological function of this group of cytoki-
nins in seaweeds needs to be further investigated,
perhaps in response to environmental stress.

In bioassays, IAA is generally the most biologi-
cally active indole compound (Woodward &
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Bartel, 2005). TAA levels are regulated by
a balance between biosynthesis, conjugation and
degradation (Sztein et al., 1999). In vascular
plants, there are several tryptophan-dependent bio-
synthetic pathways where tryptophan is converted
to IAA via various intermediates such as indole-
3-pyruvic acid, indole-3-acetaldehyde, or indole-
3-acetonitrile. A tryptophan-independent pathway
has also been elucidated (Woodward & Bartel,
2005). IAA conjugation facilitates storage, trans-
port and protection from peroxidation and catabo-
hsm and free IAA is formed by the hydrolysis of
these conjugates (Woodward & Bartel, 2005). IAA
links either with sugars to form ester conjugates, or
with amino acids and small peptides to form amide
conjugates (Sztein et al., 1999).

Sztein et al. (1995, 1999) showed that while vas-
cular plants were able to conjugate exogenous
""C-IAA within 22h to many indole conjugates,
mosses and hornworts were only able to synthesise
a few conjugates, while liverworts required longer
incubation periods before the exogenous IAA was
metabolised to moderate amounts of conjugates.
This slower rate of conjugation suggests that free
IAA in liverworts is regulated primarily via the
balance between biosynthesis and degradation.
In the liverworts, mosses, lycophytes and ferns,
TAA metabolites were almost exclusively amide
conjugates rather than ester conjugates.

Very little is known about IAA metabolism in
seaweeds as most methods used have not been able
to identify conjugate forms. The method used
in the current study is able to detect most of
the indole forms at very low detection limits. The
results of the two seaweed species analysed in the
present study concur with the evolutionary frame-
work suggested by Sztein er al. (1999). While free
IAA was detected in the samples, the only other
indole-compound detected in these samples was
IAM.

Many pathogenic bacteria are able to
produce TAA by a tryptophan-dependent pathway
where IAM is the intermediate (Lambrecht ez al.,
2000). Tryptophan is converted by the enzyme
tryptophan monooxygenase to IAM which is
then hydrolysed by TAM hydrolase to I[AA
(Kawaguchi et al., 1993). This IAM pathway was
originally thought only to occur in pathogenic bac-
teria, but IAM has since been identified in a few
vascular plants such as sterile Arabidopsis seedlings
(Pollmann et al., 2002), Japanese Cherry Trees
(Saotome ef al., 1993) and transiently in young
fruit of Trifoliate oranges (Kawaguchi et al.,
1993). This transient increase in IAM levels in
young orange fruits corresponded with increased
cytokinin levels and was correlated to a stage of
rapid cell division (Kawaguchi et al., 1993). IAM
levels were highest in imbibed Arabidopsis thaliana
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seeds and decreased within 24h to much lower
levels (Pollmann et al., 2002). Similarly, IAM was
detected in relatively low concentrations in both
seaweeds analysed in the present study except for
one U. fasciata sample collected in September
where the IAM concentration was approximately
three times higher than IAA. The reason for this
transient increase in IAM levels needs to be further
investigated. Further studies to elucidate the bio-
synthetic pathway(s) of IAA in seaweeds are
required but the present results suggest that IAM
is the likely intermediate. The results also suggest
that little or no conjugation occurs and so imply
that TAA levels are regulated by the rate of
biosynthesis. The level of IAM estimated in sea-
weeds was significantly higher than that found in
A. thaliana (between 1 and 20 pmol g~' FW), as
described by Pollmann er al. (2002).

In vascular plants, ABA increases under adverse
environmental conditions (Taylor er al., 2000).
Similarly, when the microalgae Dunaliella parva
and Draparnaldia mutabilis were grown in condi-
tions of salt stress and increased pH, endogenous
ABA levels increased (Hirsch er al., 1989; Tietz
et al., 1989). In the current study, ABA levels
were generally higher in U. fasciata compared
with D. humifusa (Fig. 4). This may be due to
U. fasciata being collected from a rock pool situ-
ated in the upper intertidal zone where it would be
exposed to more extreme environmental changes
compared to D. humifusa that was collected from
a gully in the mid-intertidal zone. More species
need to be analysed before such generalisations
can be made about the potential role of ABA as
a ‘stress hormone’ in seaweeds.

There is also evidence suggesting that ABA acts
as a growth inhibitor in seaweeds as it does In
vascular plants. When Laminaria hyperborea spor-
ophytes were grown in a tank system under various
environmental conditions and its endogenous ABA
quantified by GC-MS, there was a strong negative
correlation between growth rate and endogenous
ABA concentrations (Schaffelke, 19954). ABA
concentrations increased during the resting phase
and levels decreasing just prior to new blade gen-
eration (Schaffelke, 19954, b). In the current study,
ABA was detected in all D. humifusa samples and
most U. fasciata samples. Its role in the growth and
development of these seaweeds needs to be further
investigated. However, in vascular plants, ABA
levels are strongly dependent on the duration of
the water stress, for example in Arabidopsis
thaliana (Gomez-Cadenas er al., 2002; Lopez-
Carbonell & Jauregui, 2005) and tobacco
(Hradecka et al., 2007). ABA catabolism has
been examined in Brassica napus siliques (Zhou
et al., 2003), lettuce seeds (Chiwocha et al., 2003),
Western white pine seeds (Feurtado et al., 2004,
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2007) and in Douglas fir seeds (von Aderkas
et al., 2005). Well-watered plants contained rela-
tively constant, low levels of endogenous ABA
(5-50 pmolg~' FW): while water-stressed plants
had 10-50-fold higher ABA amounts with concen-
trations peaking 24 hours after water stress.

This study, over a 1 year period, provides
a clearer picture of the endogenous cytokinins,
auxins and ABA present in two seaweed species
growing under a range of environmental condi-
tions. The cytokinin and auxin composition for
both species was remarkably similar despite their
different evolutionary lineages. Based on the
cytokinins detected in both the seaweed species,
we propose that the ribotide iPRMP is the first
intermediate formed during de novo cytokinin
biosynthesis. The ribotides are subsequently con-
verted to free-base and riboside forms. However,
glycosylation does not appear to be a mechanism
extensively used in the regulation of active cyto-
kinin concentrations in seaweeds. An alternative
pathway involving tRNA degradation to produce
cZ derivatives is also a possibility that requires
further investigation. Furthermore, aromatic
cytokinins were also detected in both seaweed
species and their physiological function also war-
rants further investigated. Only free IAA and
one conjugate, IAM were detected in the two
seaweed  species, indicating that 1AM is
the likely intermediate in IAA biosynthesis and
like other non-vascular plants, very little conju-
gation occurs. ABA was also detected in most
of the samples. Its role as a growth inhibitor
and stress hormone in seaweeds are as yet little
understood and also need further investigation.
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The plant hormone auxin plays a crucial role in regulating plant
development and plant architecture. The directional auxin distribu-
tion within tissues depends on PIN transporters that are polarly
localized on the plasma membrane. The PIN polarity and the resulting
auxin flow directionality are mediated by the antagonistic actions of
PINOID kinase and protein phosphatase 2A. However, the contribu-
tion of the PIN phosphorylation to the polar PIN sorting is still unclear.
Here, we identified an evolutionarily conserved phosphorylation site
within the central hydrophilic loop of PIN proteins that is important
for the apical and basal polar PIN localizations. Inactivation of the
phosphorylation site in PIN1(Ala) resulted in a predominantly basal
targeting and increased the auxin flow to the root tip. In contrast, the
outcome of the phosphomimic PIN1(Asp) manipulation was a con-
stitutive, PINOID-independent apical targeting of PIN1 and an
increased auxin flow in the opposite direction. Furthermore, the
PIN1(Asp) functionally replaced PIN2 in its endogenous expression
domain, revealing that the phosphorylation-dependent polarity
regulation contributes to functional diversification within the PIN
family. Our data suggest that PINOID-independent PIN phosphor-
ylation at one single site is adequate to change the PIN polarity and,
consequently, to redirect auxin fluxes between cells and provide the
conceptual possibility and means to manipulate auxin-dependent
plant development and architecture.

cell polarity | auxin distribution | plant architecture

he plant hormone auxin acts, on account of its differential

distribution (gradients) within tissues, as a major determinant
of plant architecture (1-3). Auxin is distributed throughout the
plant by a network of carrier proteins (4-8), and the directionality
of the auxin flow is determined by asymmetrically localized plasma
membrane PIN transporters (9). The differentially expressed and
polarly localized PIN proteins constitute the backbone of a trans-
port network for directional auxin distribution in different parts of
the plant (10). The local biosynthesis (11-13) together with the
PIN-dependent transport (14) largely account for the formation of
local auxin maxima and minima that regulate various devel-
opmental processes, including embryonic axis establishment, tropic
growth, root meristem patterning, lateral organ and fruit formation,
and vascular tissue differentiation and regeneration (15, 16). The
polar PIN localization determines direction of the auxin flow; thus,
any signal that acts upstream to control the cellular PIN localization
and activity can be translated into changes in the auxin distribution
that modulate multiple aspects of the plant development. Phos-
phorylation has been shown to be important for auxin transport and
distribution (17-20). So far, the only known regulators that spe-
cifically regulate the PIN polar targeting are the serine/threonine
protein kinase PINOID (PID) (18-20) and the protein phospha-
tase 2A (PP2A) (21, 22) that mediate antagonistically the phos-
phorylation of PIN proteins (22). Loss-of-function pid mutant leads
to a preferentially basal (lower cell side) PIN localization (23),
whereas pid gain-of-function and pp2a loss-of-function mutants
favor an apical (upper cell side) PIN localization (22, 23). These
results suggest that phosphorylated and dephosphorylated PIN
proteins might be recruited into the apical and basal polar targeting
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pathways, respectively. Thus, PIN phosphorylation would deter-
mine the directional aspects of auxin transport. To test this model,
we analyzed the impact of the PIN phosphorylation at a specific site
on the PIN polar targeting, auxin distribution, and auxin-
mediated development.

Results

PIN1 Phosphorylation at Ser337/Thr340 Is Required for Auxin-Related
Development. A putative phosphorylation site of PIN1 had been
isolated by mass spectrometry at Ser337 and/or Thr340 in the
central hydrophilic loop of the PIN1 coding sequence (22).
These Ser and Thr of the phosphorylation site are conserved in
all plasma membrane-localized PIN proteins in Arabidopsis
thaliana (Fig. 14) and other species (Fig. S1) when compared to
the endoplasmic reticulum-localized subfamily of PIN proteins
(24). To test the involvement of the phosphorylation site in the
polar PIN targeting in vivo, site-directed mutagenesis of the
conserved residues within the PIN1 sequence was carried out
(Fig. 14). Ser and Thr were both converted into Ala, which is a
nonphosphorylatable residue, and to Asp, which mimics phos-
phorylation. The PINI genes, fused to the green fluorescent
protein (GFP) (PINI::PINI-GFP) and the hemagglutinin (HA)
(PIN2::PINI-HA), were mutagenized and the constructs were
transformed into the wild type and the pinl and pin2 mutants,
respectively. PINI-GFP(Ala) and PINI-GFP(Asp) partially res-
cued a shoot phenotype of the pinl mutant, but the rescued lines
displayed various developmental defects in adult plants. The
independent transgenic lines PINI-GFP(Ala) (5/7) as well as
PINI-GFP(Asp) (7/9) caused defective phyllotaxis and floral
morphology, discernible by fused flowers with two pistils, out-
growth of two siliques from the same position and nondeveloped
pistils (Fig. 1B). The same range of the phenotypes (Fig. 1B) with
comparable frequencies [PINI-GFP(Ala) (6/8) and PINI-GFP
(Asp) (6/7)] was observed when PINI-GFP(Ala) and PINI-GFP
(Asp) were transformed into the wild type, demonstrating the
dominant effect of the mutations. In contrast, whereas PINI-
GFP(Asp) rescued to a large extent the shoot development, it
completely failed to complement embryonic and cotyledon
phenotypes of pinl; the transformants still showed a defective
embryo development, reflected by monocots, tricots, or fused
cotyledons at the seedling stage (Fig. 1C). To investigate why the
PIN1-GFP(Asp) could not rescue the embryonic phenotype, we
examined the subcellular localization of PIN1-GFP(Asp) during
embryogenesis. Consistently, defects in the polar PIN1 local-
ization were observed in triangular-stage embryos (n = 62),
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Fig. 1. Developmental consequences of the mutations in Ser337/Thr340 of
PINT-GFP. (A) Amino acid sequence alignment of PIN1 and other PIN family
members in the putative phosphorylation site-spanning region. Framed Ser and
Thr were mutagenized to Ala or Asp. (B) Morphological defects of flowers and
silliques in adult plants of PIN1-GFP(Ala) and PIN1-GFP(Asp) in pin1 or wild type.
(C) Defects on cotyledon formation: PIN1-GFP(Asp) fails to complement the
pin1 mutant at the cotyledon stage. (D) Immunolocalization of GFP-tagged
PIN1 in triangular-stage embryos of pin1: PIN1-GFP(Asp) localizes more apically
in the inner cells as compared to the basally localized PIN1-GFP facing the root
pole. Arrowheads mark polarity of the PIN localization.

predominantly manifested by the loss of the basal polar local-
ization facing the root pole in the inner embryo cells and its
replacement by an apolar or preferentially apical localization
(Fig. 1D). These results reveal that the PIN1 phosphorylation at
the site involving Ser337/Thr340 is important for the PIN1
function, particularly during flower and embryo development.
Moreover, the flower defects in the wild-type plants highlight the
dominant effect of these mutations.

Phosphomimic PIN1-HA(Asp) Can Functionally Replace PIN2. We tes-
ted the effects of PIN1-HA(Ala) and PIN1-HA(Asp) in the PIN2
expression domain (PIN2::PIN1-HA constructs) in the pin2 mutant
background. PIN2 is a key regulator of root gravitropism; it local-
izes to the apical side of epidermis cells and, after gravistimulation,
it mediates the auxin flow along the lower side of the root from the
tip toward the elongation zone where the auxin response is acti-
vated and inhibits elongation (25-27). The expression of PINI-HA
in pin2 mutants was not sufficient to restore either the gravitropic
response or the asymmetric auxin accumulation as monitored by
the GFP-fused artificial auxin-responsive reporter DRSrev::GFP (9)
(Fig. 2 A and B). PINI-HA(Ala) slightly enhanced the agravitropic
phenotype of the pin2 mutant (n = 45) and did not rescue the
activation of the DR5-visualized auxin response at the lower side of
roots (n = 25) (Fig. 2A4 and B). In contrast, PINI-HA(Asp) rescued
to a large extent the agravitropic phenotype of the pin2 mutant (n =
39) and also restored the DR5-visualized auxin response along the
lower side of the root (n = 30) during gravitropic responses (Fig. 2
A and B). These results reveal that mutation of the phosphorylation
site in PIN1 is sufficient to acquire a PIN2-like function in root
epidermal cells and to efficiently mediate the auxin flow for the root
gravitropic response.

PIN Phosphorylation at Ser337/Thr340 Mediates PIN Polarity and
Auxin Distribution. All observations in the PINI::PINI-GFP and
PIN2::PIN1-HA transgenic lines suggest that the Ala and Asp
mutation-induced phenotypes might result from the modulated
polar targeting of mutated PIN1 variants. Therefore, we inves-
tigated the subcellular polar targeting of PIN1-HA(Ala) and PIN1-
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Fig. 2. Effects of Ser337/Thr340 mutations in PINT-HA on root gravitropism
and polarity. (A) Quantitative evaluation of root gravitropism: the pin2
agravitropic phenotype is slightly enhanced by PINT-HA(Ala), but partially
rescued by PINT-HA(Asp). Data are means + SEM, *P < 0.05 (t test). (B) Auxin
relocation during root gravitropic response: PINT-HA(Asp), but not PINT-HA
or PIN1-HA(Ala), when introduced into the pin2 mutants, mediated the
auxin translocation to the lower side of the root after gravistimulation as
visualized by DR5rev::GFP. (C) Immunolocalization of PIN1-HA in the pin2
root epidermal cells: the basal localizations of PIN1-HA and PIN1-HA(Ala)
contrast with the predominantly apical localization of PIN1-HA(Asp).
Arrowheads mark polarity of the PIN localization.

HA(Asp) proteins in epidermal cells. Ectopically expressed PIN1-
HA in the epidermis localizes predominantly to the basal side of
cells, whereas the endogenous PIN2 localizes to the apical side (9)
(Fig. 2C). PIN1-HA(Ala) localized at the basal side of epidermal
cells, but, importantly, PIN1-HA(Asp) predominantly to the
opposite apical side, similar to the endogenous PIN2 (Fig. 2C).
Accordingly, only PIN1-HA(Asp) was able to functionally replace
PIN2 in the pin2 mutant.

Similarly to PIN1-HA, the mutations in Ser337/Thr340 influ-
enced also the PIN1-GFP targeting. In roots of the wild type,
PIN1 localizes to the basal side of stele cells (28)(Fig. 34). In
comparison with PIN1-GFP, the polar localization of PIN1-GFP
(Asp) was dramatically disturbed (n = 83 roots). Generally, the
basal polarity of PIN1 was much less pronounced and resulted in
a largely nonpolar (68%) or preferentially apical distribution
(7%) (Fig. 34). In contrast, PIN1-GFP(Ala) had a largely strict
basal localization (n = 56; Fig. 34). Importantly, these polarity
changes correlated well with the incidence of the auxin response
in the root tip as visualized indirectly by the auxin response
reporter DR5::GUS. PINI-GFP(Ala) lines revealed an increased
DRS5 activity in the root tip, contrasting with the dramatically
decreased DRS signal in the roots of PINI-GFP(Asp) (Fig. 3B).
The changes in DR5 activity were confirmed by direct auxin
measurements in the 1-mm seedling root tips. Consistently with
the DR5 observations, PINI-GFP(Ala) and PINI-GFP(Asp)
showed a higher and lower auxin content than that of PINI-GFP,
respectively (Fig. 3C). These results demonstrate that preferen-
tially the basally localized PIN1(Ala) promotes, whereas more
apically localized PIN1(Asp) diminishes the auxin accumulation
at the root tips. These quantitative changes in DRS5 activity and
auxin content show that the PIN phosphorylation-mediated PIN
polarity changes have a direct impact on the auxin distribution.

PIN1 Phosphorylation at Ser337/Thr340 Is Related to the PID Action in
Polar Targeting. The observed changes of PIN1 polarity, auxin
distribution, and resulting phenotypes revealed that phosphor-
ylation of the Ser337/Thr340 site is sufficient to redirect the PIN
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polarity as well as directionality of the auxin flow, similarly as
shown for manipulations of the PID kinase activity (18, 23).
Therefore, we addressed the question of whether this particular
phosphorylation site is related to the PID kinase action in the
PIN polarity determination. pid gain of function (35S::PID) leads
to a basal-to-apical PIN polarity shift, which causes auxin
depletion from the root meristem, ultimately leading to its col-
lapse (23). Several independent transgenic lines of PINI-HA
(Ala) and PINI-HA(Asp) showed the consistent changes in the
root collapse frequency. We observed that PINI-HA(Ala) sig-
nificantly delayed the 35S::PID-mediated root collapse (n = 96)
when compared to that of the wild-type PINI-HA (n = 85) (Fig.
4A). In contrast, the collapse of the root meristem in PINI-HA
(Asp) (n = 97) and PIN1-HA seedlings did not differ significantly
(Fig. 44), which might be due to the already near maximum
effect of 35S::PID on PIN apicalization and root collapse.

Next, we tested the pid loss-of-function line. We introduced
PINI-GFP(Ala) and PINI-GFP(Asp) transgenes into the pid*~
wagl wag2 allele. WAG1 and WAG?2 are the closest homologs of
PID in the family of the AGC serine/threonine protein kinases of
Arabidopsis and the triple mutant pid wagl wag2 displays a com-
pletely disrupted cotyledon formation (29, 30). We analyzed the
F,-segregating progeny and quantified the seedlings with defective
cotyledon patterning. The frequency of the seedlings that failed to
make any cotyledon was increased by PINI-GFP(Ala) and reduced
by PINI-GFP(Asp) transgenes. We observed 16% (n = 816) and
4% (n = 454) aberrant seedlings without cotyledons in PINI-GFP
(Ala) and PINI-GFP(Asp), respectively, when compared to 8%
(n = 788) in the F, progeny of control crosses with the wild-type
PINI-GFP (Fig. 4B). Furthermore, the pid wagl wag2 mutations
did not affect the PIN1-HA(Ala) and PIN1-HA(Asp) localizations
at the basal and apical sides of the epidermal cells, respectively (Fig.
4C). Altogether, these data show that PIN1(Ala) have antagonistic
and PIN1(Asp) mutations agonistic effects with the PID action,
consistently with the PID regulating the PIN polarity targeting this
and/or other phosphorylation sites. Importantly, the apical local-
ization of PIN1(Asp) does not require the function of PID and
related kinases, suggesting that other potential phosphorylation
sites targeted by PID or other kinases cannot override the effect of
the phosphomimic mutation at the Ser337/Thr340 site. These
results reveal that the Ser337/Thr340 phosphorylation site is
involved in the similar mechanism of PIN polarity regulation as PID
action; nonetheless these results cannot discriminate whether
Ser337/Thr340 is a target of PID.

PID Might Not Directly Target Ser337/Thr340. Next, we tested
whether the Ser337/Thr340 site of the PIN proteins can be directly
phosphorylated by PID. The HIS-tagged wild-type hydrophilic loop
of PIN1 (HIS-PINIHL, amino acids 288-452; Fig. S2 4 and B),
GST-tagged PID (GST-PID), and a 30-amino-acid stretch encom-
passing the Ser337/Thr340 site (GST-PIN1P-site, amino acids 321-
350; Fig. S2 A and B) as well as its Ala-substituted version were
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Fig. 3. Effects of Ser337/Thr340 mutations in PIN1-

Free IAA GFP on polarity and auxin distribution. (A) Live

9.0 1 images of GFP-tagged PIN1 in the stele of wild-type
8.0 roots: normal, predominant basal localization of
7.0 PIN1-GFP(Ala) as compared to either nonpolar local-
6.0 4 ization or basal-to-apical shift of PIN-GFP(Asp).
5.0 Arrowheads mark polarity of the PIN localization. (B)
4.0 1 Auxin distribution in the root tip as inferred from the
3.0 1 DR5::GUS expression: the DR5 signal is increased in
2.0 1 PINT-GFP(Ala) roots, but reduced in PINT-GFP(Asp)
1.0 - when compared to the wild type. (C) Measurement
0.0 - A A of the endogenous auxin content in the 1-mm root
L 5 tips: PINT-GFP(Ala) has higher whereas PINT-GFP

% % = % — (Asp) lower auxin levels as compared with the PINT-

GFP control.

heterologously expressed in Escherichia coli and coincubated in
an in vitro phosphorylation reaction. After electrophoretic separa-
tion of the proteins, PID autophosphorylation was detected as well
as phosphorylation of HIS-PIN1HL and the standard Ser/Thr kin-
ase substrate myelin basic protein (MBP) (Fig. 4D and Fig. S3). In
contrast, we failed to observe any PID-dependent phosphorylation
of both the wild-type and mutated versions of the GST-PIN1P-site
(Fig. 4D and Fig. S3). These results show that the PID kinase
phosphorylates the large hydrophilic loop of PIN1 in vitro, but is
probably not able to phosphorylate the Ser337/Thr340 site in the
same assay.
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Fig. 4. Effects of Ser337/Thr340 mutations similar to PID action. (A) Quanti-
fication of frequencies of primary root collapse in 5-day-old and 7-day-old
seedlings in 355::PID: the collapse of root meristems mediated by 35S::PID is
significantly delayed by PINT-HA(Ala). Data are means + SEM, *P < 0.05 (Fisher
exact test). (B) Quantification of frequencies of defective cotyledon patterning
in pid wag1 wag2 triple mutant: the failure to make cotyledons in the progeny
of pid*~ wag1 wag2 is increased by the PIN1-GFP(Ala) but decreased by PIN1-
GFP(Asp). Data are means + SEM, *P < 0.05 (Fisher exact test). (C) Immuno-
localization of PIN1-HA in the root epidermal cells of the pid wag? wag2
mutant: PIN1-HA and PIN1-HA(Ala) show a normal basal localization, whereas
PIN1-HA(Asp) displays a basal-to-apical polarity shift, also in the absence of the
PID function. Arrowheads mark polarity of the PIN localization. (D) Auto-
radiograph of an in vitro phosphorylation assay: GST-PID autophosphorylates
and efficiently phosphorylates the large wild-type hydrophilic loop of PIN1
(HIS-PINTHL) and myelin basic protein (MBP); both the wild-type and the Ala
mutant version of the short peptide (GST-PIN1P-site) are not phosphorylated
by PID. + and — indicate incubated with or without the PID kinase, substrate,
and MBP, respectively. Arrows mark positions of the different proteins.
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Taken together, the results obtained in in vivo genetic and cell
biological studies and in vitro phosphorlyation assays are con-
sistent with a scenario in which the Ser337/Thr340 phosphor-
ylation site could be a target for the other potential kinases that
act together with PID in regulating the PIN phosphorylation and
the apical/basal PIN polar targeting.

Discussion

Our work demonstrates that phosphorylation of the PIN proteins
regulates their polar targeting and the directionality of the auxin
flow, which mediates various developmental processes. We identi-
fied a phosphorylation site that is required and sufficient to promote
the PIN polar targeting, similarly to the activity of the PID kinase.
Our in vitro phosphorylation results do not support that this site is a
target of PID, although we cannot exclude that the short PIN1P-site
peptide might not form the appropriate tertiary structure or not
provide enough binding energy as offered by the large protein
substrate essential for PID phosphorlyation. Alternatively, it is
possible that residues important for recognition of the substrate are
more distant from the targeted phosphorylation site (31). On the
other hand, protein kinases have also been shown to recognize and
phosphorylate minimal peptide segments encompassing a very few
residues (32, 33). Altogether, we believe that this site might be a
phosphorylation target of other kinases, presumably MAP kinases,
because the site shares sequence similarities to a consensus MAP
kinase target characterized by a Pro following the Ser or Thr in the
phosphorylation site (34, 35). Furthermore, Ser337 of PIN1 has
been found to be phosphorylated in Arabidopsis cells treated with
flg22, which induces the activation of multiple MAPKs (36). Our
data are also consistent with a view of multiple phosphorylation
sites, of which some are targets of PID (37), that all mediate deci-
sions about the PIN polar targeting.

Manipulation of Ser337 and Thr340 is sufficient to change the
PIN polarity and to redirect the auxin flow. This observation pro-
vides a conceptual explanation for how various signaling pathways
that control the expression (16) or activity of upstream kinases can,
via the PIN phosphorylation, regulate the auxin distribution and,
thus, influence different developmental processes. Identification of
the upstream components in the phosphorylation cascade will be the
challenge for the coming years and will fill the mechanistic gap on
the integration of various external and internal signals into rear-
rangements in the auxin distribution. Moreover, similar manipu-
lations of this evolutionarily conserved site in other PIN proteins, in
other species (Fig. S1), and in a cell-type-specific fashion will enable
atargeted engineering of auxin fluxes to achieve the desired changes
in plant architecture and development.

Materials and Methods

Materials. The following mutants, transgenic plants, and constructs have been
described previously: pin (pin1-1) (38), pin2 (eir1-1) (25), pid*'~ wag! wag2
(kind gift of Remko Offringa, Leiden University, The Netherlands), PINT::
PINT-GFP (39), PIN2::PIN1-HA (9), DR5rev::GFP (40), DR5::GUS (41), 35S::PID
(19), pHIS-PINTHL (amino acids 288-452) (42), and pGST-PID (43). Myelin
basic protein (MBP) was purchased from Sigma.

The constructs pPIN1::PINT-GFP(Ala), pPIN1::PIN1-GFP(Asp), pPIN2::PIN1-
HA(Ala), and pPIN2::PINT-HA(Asp) were generated from the original pPINT::
PINT-GFP (39) and pPIN2::PIN1:HA (9) by converting the two residues Ser337
(TCG) and Thr340(ACT) on the PIN1 fragment to Ala(GCG) and Ala(GCT) or
Asp(GAC) and Asp(GAT), respectively, through the PCR-based site-directed
mutagenesis kit (Stratagene Quickchange XL). The mutated strands were
synthesized with the following primer combinations: 5'- CCCAGGGATGTT-
TGCGCCCAACGCTGGCGGTGGTGGAG-3’ and 5'-CTCCACCACCGCCAGCGTTG-
GGCGCAAACATCCCTGGG-3’ for the Ala mutation and 5-CCCAGGGATGTT
TGACCCCAACGATGGCGGTGGTGGAGGC-3’ and 5-GCCTCCACCACCGCCATC-
GTTGGGGTCAAACATCCCTGGG-3' for the Asp mutation. The resulting con-
structs were transformed into the wild-type and the pin1, pin2, and 35S::PID
lines. DR5rev::GFP, DR5:GUS markers, and pid*~ wagl wag2 mutations
were introduced into the phosphorylation transgenic mutant lines by
crosses. For the in vitro phosphorylation assay, the sequences of wild-type
PIN1P-site and mutant PINTP-site(Ala) encompassing 30 amino acids sur-
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rounding the Ser337 were generated by PCR amplification with the primer
pairs containing attB recombination sites (underlined): 5'-GGGGACAAGTT-
TGTACAAAAAAGCAGGCTGCGGTGGCGGTGGAGGAGCGCAT-3" and 5'-GGG-
GACCACTTTGTACAAGAAAGCTGGGTGTCATCCTTTCGCCGCCGCGCCTCCACC-
3’ fromthe pPIN1::PINT-GFPand pPIN1::PIN1-GFP(Ala) constructs, respectively.
E. coli BL21 Star (DE3) cells were used for heterologous expression of wild-
type HIS-PINTHL and Rosetta cells for the other recombinant proteins.

Growth Conditions and Phenotypic Analyses. A. thaliana (L.) Heynh. plants
were grown on soil or half-strength Murashige and Skoog medium with
sucrose as described (28) under a 16-h light/8-h dark cycle at 21°C or 18°C. All
phenotypic comparisons were done at least in duplicate, with three to nine
independent lines of a minimum of 25 seedlings each time. For evaluation of
root gravitropism in 6-day-old seedlings, we used the quantification tool
Image J (rsbweb.nih.gov/ij/download.html) and calculated the vertical growth
index (VGI = vertical length [VL)/root length [RL]) (44). For the timing of
the 35S::PID-mediated collapse of the primary root meristem, we assayed
5-day-old and 7-day-old seedlings with a Leica binocular. The root collapse
becomes visually apparent a few days after germination and can be recog-
nized by the thin and pointed appearance of the root tip (19). Results are
presented as means with standard error bars and all claimed comparisons are
based on statistical evaluations with t test or Fisher exact test.

In Situ Expression and Localization Analyses. Histochemical stainings for GUS
activity and whole-mount immunolocalizations in 5-day-old seedlings were
carried out as described (39, 45, 46). Each experiment was done on three to
nine independent lines with three repetitions (homozygous lines, n > 15;
segregating lines, n > 300 individuals). Antibodies were diluted as follows:
1:1,000 for rabbit anti-PIN1 (42); 1:500 for mouse anti-HA (Babco); 1:500 for
mouse anti-GFP (Roche); and 1:600 for CY3- (Sigma) and Alex- (Invitrogen)
conjugated anti-rabbit and anti-mouse secondary antibodies, respectively.
For the HA-tagged PIN proteins, colocalization of anti-PIN1 and anti-HA
were always carried out to confirm the identity of the proteins. For in vivo
GFP inspection, 6-day-old seedlings were mounted in 5% glycerol without
fixation for live-cell imaging. Regarding the auxin translocation assay, con-
focal imaging was done in 6-day-old seedlings, immediately after 3 h of a
90° gravistimulation in the dark. All of the fluorescence signals were eval-
uated on a Zeiss LSM 510 or Leica TCS SP2 confocal laser scanning micro-
scope. Always the same microscope settings were used for each independent
experiment, and pixel intensities were taken into account when comparing
the images between control and mutants. Images were finally processed
with Adobe Photoshop 7.0 and Adobe lllustrator 8.0.

Auxin Measurements. One-millimeter-long root tips were transferred imme-
diately after harvest to tubes containing 1 mL of methanol kept at 0°C. To
each tube, ?Hs-IAA was added at the concentration of 10 fmol per root tip.
The samples were put into a freezer (-20°C) and centrifuged at 36,000 x g
after 24 h. Supernatants were transferred into glass tubes, evaporated to
dryness, and methylated with ethereal diazomethanol. Further processing
by immunopurification was performed as described (47) and final analysis
was done with a UHPLC coupled to a Waters Xevo TQ MS detector.

In Vitro Phosphorylation Assays. Approximately 3 pg of purified protein
expressed in E. coli (PID and substrates) was added to the kinase reaction
mix, containing 1x kinase buffer [25 mM Tris-HCl (pH 7.5), 1 mM DTT, 5 mM
MgCl,, 2 mM CaCl,] and 1x ATP solution (100 uM MgCl,, 100 pM ATP-Na,,
2 uCi *2P-y-ATP). Reactions were incubated at 30°C for 45 min and stopped
by addition of 5 pl of 5x protein loading buffer [310 mM Tris-HCl (pH 6.8),
10% SDS, 50% glycerol, 750 mM B-mercaptoethanol, 0.125% bromophenol
blue] and boiling for 5 min. Reactions were subsequently separated over
12% acrylamide gels, which were washed three times for 30 min with kinase
gel wash buffer (5% trichoroacetic acid, 1% Na,H,P,0;), coomassie stained,
destained, and dried. Autoradiography was done for 48 h with Hyperfilm
MP films and a Hypercassette (GE Healthcare Life Sciences).
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