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INTRODUCTION

INTRODUCTION

This work focuses on using modern separation and detection methods for the
quantitative analysis of biologically important, low molecular weight (MW) substances in
tissues of plant origin. Expert knowledge and tools from the field of analytical chemistry
are applied to biological sciences here. A speciality of this work is determination of natural
substances of plant origin that naturally occur in trace and ultra-trace quantities.
According to the still valid IUPAC definition from 1979, a trace amount is considered a
concentration not exceeding 100 ppm, i.e, 100 pg-g-1[1], whereas no formal definition has
been provided for an ultra-trace amount. However, most of the scientific community in
biochemical/ biological research regard trace analysis as the analysis of substances
whose content in biological material does not exceed 1 ppm (1 pg-g!) [2]. Another
common feature of the natural substances detailed in this work is their terpenoid
character.

Despite a widespread belief among the public that trace/ultra-trace analysis of
natural substances is of minimal importance, it is a field of analytical
chemistry/biochemistry that significantly contributes to understanding not only the
growth and development of plants but also the occurrence of natural substances in
various plant sources. In past decades, many materials of plant origin were considered to
lack certain compounds due to the limited detection capabilities of the available analytical
methods. Notably, for some reason, many substances are still not perceived as natural
constituents of plants by a large proportion of the public, e.g., steroid compounds like
progesterone, testosterone and oestrogens, described in detail in Article 1. Therefore,
they are often referred to as "contamination" from animal sources, although plant cells
are also capable of their biosynthesis.

One should keep in mind that the plant and animal kingdoms have evolved together
hand in hand. Therefore, it is likely that they share many biochemical and other tools for
regulation of their development, growth and defence against predators or adverse
environments. Every substance synthesised in a eucaryotic cell (plant or animal) plays a
certain role at a cellular or higher level. Substances formed in concentrations regarded as
trace or ultra-trace have no less biological significance than those produced in larger
amounts. As an illustration, we could use the example of cholesterol. Both animal and

plant cells are capable of its biosynthesis. It is an important C27 molecule of triterpenoid
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INTRODUCTION

character that is an indispensable precursor for the synthesis of other substances of
steroid character, including hormones and signalling compounds with a steroid skeleton.
Its levels are significantly lower in plant cells (< pg-g1). Consequently, some biochemistry
textbooks contain various false or at least misleading statements, such as "Membranes of
plant cells do not contain cholesterol” [3], or "cholesterol is rarely present in plants” [4].
It seems that some authors view the "very small" amount as equating to "zero" [5], which
is, objectively speaking, not correct. There are also other cases similar to cholesterol that
could be described in a separate publication.

I consider that today's analytical chemists can play an important role in the field of
biological sciences by using currently available technically highly advanced tools to obtain
new knowledge as well as expanding the available methods. This thesis aims to show my
contribution to the study of the biosynthesis, metabolism and occurrence of low-

abundance natural constituents of plant cells with terpenoid character.
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TERPENOIDS

TERPENOIDS

The terpenoids are a huge and structurally diverse group of natural substances formed
from five-carbon (Cs) units of isoprene (2-methyl-1,3-butadiene) via "head-to-tail"
addition, as shown around 70 years ago by Ruzicka (1953) [6], a Croatian chemist of Czech
origin who had already been awarded the 1939 Nobel Prize in Chemistry for his work in
this area [7]. Compounds formed by combining isoprene units are now also known as
isoprenoids. Although isoprene is a naturally occurring substance formed by the
decomposition of various cyclic hydrocarbons, it is not itself a direct participant in
terpenoid biosynthesis. Its biochemically active and biologically important forms are
dimethylallyl diphosphate (DMAPP) and its isomer isopentenyl diphosphate (IPP).
Various numbers of these Cs isoprenoid units can be combined to form linear
monoterpenes (Cio), diterpenes (Cz0), triterpenes (Cso), tetraterpenes (Cs0) and
polyterpenes (> C40) [8]. These linear molecules often undergo extensive intracellular
modification, typically involving cyclisation, oxidation or rearrangement reactions.
Importantly, isoprenoids are found in all living organisms, including eukaryotes (plants,
animals, fungi) and prokaryotes (microorganisms). Several thousand isoprenoids have
been identified to date, and new family members are regularly discovered. Studies on
their biological effects have shown that they play many different roles in nature, acting as
attractants, repellents, hormones, growth inhibitors, pigments and electron transport
chain components (quinones). The most extensively studied essential isoprenoids are a
family of tetracyclic triterpenoids known as sterols, which are found in both the animal
and plant kingdoms, ie, in most eukaryotes. In this thesis, I will focus on a group of
terpenoid substances referred to as plant hormones or signalling substances derived from
isoprene. An overview article on their biosynthesis and biological significance is enclosed

as Article 2.



TERPENOIDS

IT.I. PLANT HORMONES

Most (if not all) organisms use chemical signals in cell-cell communication. Thus,
chemical signalling is extremely ancient. However, the complexity of cell signalling
increased considerably when first prokaryotic and subsequently eukaryotic cells began
to associate together in multicellular organisms, putatively several billion and one billion
years ago, respectively [9]. Following the emergence of multicellularity, cell specialisation
increased as tissues and organs with diverse specific functions evolved. Coordination of
the growth and development of these cells, tissues and organs, as well as the
environmental responses of complex multicellular organisms, required increasingly
intricate signalling networks. Many of our current concepts about intercellular
communication in plants were derived from similar animal studies in which two main
systems evolved, i.e, the nervous and endocrine systems. Plants lacking motility never
developed a nervous system, but they evolved hormones as chemical messengers.

A hormone is generally considered to be a signalling molecule secreted by an
organism from glands and subsequently transported by the circulatory system to target
organs to regulate their physiology and behaviour. However, the term "hormone" is
sometimes extended to include compounds produced by cells that subsequently affect
either the same cell or nearby cells. In target cells, hormones bind to specific receptor
proteins, causing a change in cell function and activation of the entire signalling pathway.
Unlike animals, plants have no specific hormone-secreting glands, but small signalling
molecules are still produced in them, known as plant hormones. They are substances
that regulate cellular processes in certain target cells near to their site of production or
after transport to other organs where they are supposed to operate. Plant hormones play
essential roles in the regulation of a myriad of physiological processes involved in plant
growth, development, senescence and responses to environmental stimuli. Until the
1990s, only five types of plant hormones that acted in vivo individually or in concert were
known: auxins, cytokinins, gibberellins, ethylene and abscisic acid. However, during the
last two decades, compelling evidence has led to the discovery of four other classes of
substances that exhibit growth and development activity, ie, brassinosteroids,
strigolactones, jasmonic acid and salicylic acid, including their conjugates with amino
acids and saccharides, which are collectively referred to as jasmonates and salicylates

[10]. Surprisingly, there is unfortunately no official definition of a plant hormone available
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TERPENOIDS

in the literature. However, this group generally includes any compound or group of

structurally related compounds that meet the following criteria:

1. The compound(s) occurs uniformly in all higher plants (often also lower ones).

2. The receptor for the compound(s) has been identified.

3. The compound(s) occurs in very low concentrations (usually 10-1> to 10-12 g-g-1).

4. The compound(s) participates in the regulation of physiological processes in plants,

such as growth, development, reproduction and others.

IT.1.1. DITERPENOID PLANT HORMONES GIBBERELLINS

Gibberellins (GAs) are a group of plant hormones with a tetracyclic ent-gibberelane
skeleton consisting of 20 carbon atoms (with rings designated A, B, C and D) or with a 20-
nor-ent-gibberelane skeleton possessing 19 carbon atoms. Therefore, in terms of carbon
numbers, GAs can be divided into two groups: C19-GAs (e.g., GA4, GA1) and Cz20-GAs (e.g.,
GA12, GAs3) - Fig. 1 [11]. The prefix ent indicates that the skeleton is derived from ent-
kaurene, a tetracyclic hydrocarbon that is enantiomeric to the naturally occurring

compound kaurene.

HsC “cooH CHs
18 19
GA;; (R=H) GA,(R=H)
(C20-GAs) (C19-GAs)

Figure 1. Structures of C19 and Czo gibberellins.

All GAs are produced in plant cells from geranylgeranyl diphosphate (GGPP), which
is the common C20 precursor for all diterpenoids and is formed de novo from the basic Cs
isoprenoid diphosphates IPP and DMAPP (see page 19). A detailed description of GA
biosynthesis can be found in Article 2. The main function of GAs in plants is the regulation

of various developmental processes, including stem elongation (internodes),
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germination, vegetative growth, flowering and reproduction - the formation of flowers

and fruits - Fig. 2.
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Figure 2. Scheme of physiological functions of diterpenoid plant hormones gibberellins.

Since their discovery in 1938 [12], 136 gibberellins have been identified in various
natural sources to date. The nomenclature for labelling these substances is GA1 to GAn,
where n stands for the order of discovery in natural sources. A database of all compounds
in this group is freely available at http://www.phytohormones.info/gibberellins.htm.
Interestingly, among all the GAs, only six of them show biological activity [13]. The crucial
structural moieties for their biological activity are a hydroxy group on C-3 and a carboxyl
group on C-6. These groups enhance binding to receptors through interaction with polar

amino-acid residues, whereas a hydroxy group on C-2 decreases the binding affinity.
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Therefore, hydroxylation at C-2 is a main mechanism for GA inactivation to regulate the
concentration of bioactive GAs in angiosperms (flowering plants).

Like other classes of plant hormones, concentrations of GAs in plant tissues are
usually extremely low (generally pg-g-1 fresh weight, FW). Thus, very sensitive analytical
methods are required for their detection. However, levels of GAs may vary substantially
even within a single plant organ. Vegetative tissues (stems, roots and leaves) typically
contain several pg-g1 FW, whereas reproductive organs (such as seeds and flowers) often
have three orders of magnitude higher levels (ie, ng-gl! FW). Despite the hormone
definition above, it is important to note that not all GAs are present in all plant species.
Some are common to most plants, whereas others are species-specific. For method
development of their isolation from plant tissue, including sensitive detection, 20 GAs
were selected (Fig. 3) that occur in most plant species and Arabidopsis thaliana, the main
model plant in biology. Therefore, the developed method offers great potential for

applications in experimental plant biology.
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“cooH

GA..-aldehyd GA, GA,
R=H R=H R=0H

lGAZch

KAO - cytochrome P450 monoxygenase (P450), heme-containing enzyme that catalyses oxidations of a broad range of

organic compounds
GA200x, GA3ox, GAZox - 2-oxoglutarate-dependent dioxygenases (20DDs), soluble enzymes catalysing oxidations of

various organic compounds and using 2-oxoglutarate as co-substrate

GA200x catalyses sequential oxidation of C-20 including the loss of C-20 as CO, and the formation of y-lactone. Thus,
GA200x is responsible for the production of C,,-GAs using C,,-GAs as substrates.

GA3ox converts inactive precursors (GA,, GA,,) into bioactive GAs (GA, GA,, GA,, GA;, GA;andGA,)

GAZox initially identified to use C,,-GAs as substrates, including bioactive GAs and theirimmediate precursors GA, and
GA,, (Thomas et al., 1999); later, a new type of GA2o0x that accepts only C,-GAs was reported (Schomburg et

al., 2003; Lee and Zeevaart, 2005)

Figure 3. Chemical structures and biosynthetic relationships of 20 selected gibberellins. KAO - ent-kaurenoic
acid hydroxylase; GA200x - GA 20-oxidase; GA30x - GA 3-oxidase; GA20x - GA 2-oxidase.

Thomas et al. DOI 10.1073/pnas.96.8.4698. Shomburg et al. DOI 10.1105/tpc.005975. Lee and Zeevaart DOI
10.1104/pp.104.056499
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Physicochemical properties of gibberellins

GAs cover a wide range of polarities, even within their sub-groups. The only property
they share is they contain a carboxyl group, and thus behave as weak organic acids with
pKa = 4.0 [14]. Due to the structure of the skeleton, they do not show any spectral
characteristics, such as fluorescence or UV absorption (only below 220 nm), that could be
used for their detection. Some GAs are highly oxidised molecules with many functional
groups and may be relatively labile, especially in aqueous solutions at extreme pH or
elevated temperatures. Under alkaline conditions, 33-hydroxy GAs undergo a reversible
retro-aldol rearrangement, resulting in epimerisation, whereas 1,2-dehydro C19-GAs, such
as GAs, isomerise to 19,2f3-lactones with a shift of the double bond. This rearrangement
may also occur in the heated injection port of a gas chromatograph (GC).

On the other hand, under very acidic conditions below pH 2.5, rearrangement of the
C/D rings and saturation of the double bond between carbons C-16 and C-17 can occur.
Therefore, all the above facts must be considered when isolating GAs from samples of
biological origin. Consequently, the optimal pH range for these procedures is 2.5-8.5 and
the temperature, especially of aqueous solutions containing GAs, should not exceed 40 °C.

To avoid air oxidation of some GA precursors, extracts are best stored at -20 °C.

Extraction and preconcentration of gibberellins

The extraction efficiency of GAs from plant tissue depends on their polarity,
subcellular localisation and extent to which they are associated with other compounds in
the tissue, such as phenolics, lipids, pigments and proteins. Such substances, mostly
originating from primary metabolism, are usually present in plant tissues in multi-fold
excesses compared to trace amounts of GAs, creating a very high chemical background in
analysed extracts. Figuratively speaking, attempts to quantify ultra-trace amounts of GAs
in a vastarray of interferents can seem like looking for a nanosized needle in a skyscraper-
sized haystack. This is a common feature of ultra-trace analysis of most plant hormones,
as detailed in Article 3. Hence, extraction and preconcentration of GAs is a key step for
their successful detection using modern instrumental methods. As practice shows,
without at least one or two preconcentration steps, it is impossible to quantify natural
substances at ultra-trace levels successfully with any modern instrumental method,

despite several studies claiming to do so [15-17].
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The solvent used in the extraction process must be capable of extracting the
hormone efficiently while minimising the extraction of interfering substances. Because
GAs are synthesised inside cells, it is necessary to break the cell walls as a first step of the
sample preparation procedure. This allows the most quantitative transferal of GAs from
the biological material to the extraction solvent added in a subsequent step.
Homogenisation (breaking cell walls in a sample tissue) is often achieved mechanically
with the help of homogenisers working on the principle of ball mills (Article 3). GAs are
relatively hydrophobic carboxylic acids. Therefore, aqueous solutions with more than 80
% (v/v) organic solvent content, such as methanol (MeOH) or acetonitrile (ACN)
containing a small percentage of volatile organic acids (e.g., formic acid (FA) or acetic
acid), are best suited for their extraction [11]. By optimising the extraction procedure, it
was found that the highest recovery and lowest content of interfering substances, mainly
plant pigments like chlorophyll, carotenoids, etc., can be achieved by using an 80 %
aqueous solution of ACN with 5 % FA, as described in detail in Article 4. After extraction,
a preconcentration step is needed. Preconcentration of GAs from a biological sample can
in principle be achieved in two ways: isolation of only the target analytes as selectively as
possible or the sequential non-selective removal of interferents from the crude extracts,
leaving GAs in the sample residue. Both these procedures have pitfalls. For the first
procedure, either immunoaffinity chromatography (IAC) with the use of antibodies (Abs)
against the observed GAs [18-19] or molecularly imprinted polymers (MIP) in the form of
solid phase extraction (SPE) cartridges can be applied. Unfortunately, neither IAC- nor
MIP-based sorbents are currently available for GAs. The impossibility of preparing an Ab
with cross-reactivity against all 20 selected GAs, including both Ci9- and C20-GAs (earlier
prepared Abs were available for C19-GAs only [20]) and the necessity of using animal
experiments (immunisation) currently hinders the use of IAC-based procedures. Further,
the absence of a template or mixture of templates suitable for the preparation of a
polymer with the ability to selectively bind a wide range of GAs complicates the use of
MIP.

Thus, GA preconcentration from plant extracts is usually performed by one of two non-
selective approaches. The first, a kind of "old fashioned", approach is a very laborious and
time-consuming (several days) sequence of several steps, including liquid-liquid
extraction (LLE; methanolic extract fractionated to ethyl acetate), ion-exchange

chromatography using the strong anion-exchange sorbent QAE Sephadex A-25, reversed-
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phase (RP) SPE with Cis sorbent in the final step, followed by HPLC fractionation [20,21].
The final analysis of GAs is then performed using GC coupled to a mass spectrometer (MS).
Since GAs have low volatility, it is necessary to derivatise the analytes prior to GC-MS
analysis. This is achieved in two steps by combining methylation followed by silylation
reactions [20,21]. The second GAs preconcentration procedure is similar to the first one,
but the initial step of LLE is replaced by two SPE steps, followed by use of a weak anion
exchanger (DEAE cellulose). HPLC fractionation is here omitted [22]. A preconcentration
design consisting of two SPE steps has also been used by Moritz and Olssen [23], who used
a weak anex as the first step (sorbent containing an aminopropyl group), followed by SPE
with an RP sorbent Cis. The sample at this stage was referred to by the authors as "semi-
purified" because it was not subjected to routinely used HPLC fractionation prior to
derivatisation and GC-MS analysis. As stated in Article 4, the entire preconcentration
procedure can be reduced to only two SPE steps to achieve an average recovery of
analytes of > 73%. Considering the relative hydrophobicity and acidic character of GAs,
modern mixed-mode polymer-based sorbents containing a combination of a RP and anion
exchanger were used to preconcentrate these low-abundance hormones from crude plant
extracts. In addition, by using 80 % ACN instead of the previously routinely used 80 %
MeOH, the recovery of GAs was increased by about 18 %. Unfortunately, the recovery
values of this new preconcentration procedure cannot be compared with the recoveries
of earlier procedures, as the authors of these works did not report this value. Unpublished
results of the author of this thesis further suggest that it could be possible to shorten the
entire procedure even further to one SPE step while maintaining or increasing the
recovery of most monitored analytes. This can be achieved by significantly reducing the
weight of the tissue sample, with concomitant reduction in the amount of interferents.

This work is currently being completed and prepared for publication.

Methods for quantitative analysis of gibberellins

As mentioned above, typical endogenous concentrations of GAs in vegetative plant
tissues range from 10-1> to 10-12 g-g-1. Hence, their analysis falls into the field of ultra-
trace analysis. The first published methods for the instrumental analysis of GAs were in
the 1960s and involved the use of GC-MS combined with the earlier mentioned

derivatisation of naturally non-volatile GAs using methylation and trimethylsilylation
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[24-26]. During the next 30 years, liquid chromatography (LC) gradually replaced GC
because it better suits the non-volatile nature of GAs [27-29]. LC is still mostly used for
their separation [11,22, Article 3,4].

A successfully applied principle for the separation of relatively hydrophobic
tetracyclic GAs is RP chromatography. Unfortunately, there were only slight differences
in hydrophobicity among the 20 studied GAs because their chemical structures were
similar. Their MW range was relatively narrow (315 to 377 g-mol1). Several GAs in this
group had the same MW because they were positional isomers, e.g., GAs, GAs, GA44 and
GA24 (MW 346.38 g-mol1) or GA20, GAs1, GA4 and GA12 (MW 332.4 g-mol1). The situation
was further complicated because the standard isotope dilution method was used for their
most accurate quantification by LC-MS. Only GA standards labelled with two deuterium
atoms, i.e,, 17-[2Hz], are commercially available for that purpose. Thus, a situation where
many more analytes share the same MW value arises, e.g., GA29, [?H2]-GAs3, GA1, [?H2]-GAs,
[2H2]-GA44, GA34, GAs3 and [2H2]-GA24, which all have MW = 348.4 g-mol-1. Since each GA
had a different biological role, the concentration was expected to indicate a different
biochemical event in a given tissue. Therefore, it was important to achieve separation of
the entire group of 20 GA substances with the highest possible resolution (Rs). Due to the
availability of an instrument for ultra-high performance liquid chromatography (UHPLC),
which enables separation with high efficiency (increased sensitivity, short analysis time
by allowing a high throughput of samples), the separation was optimised on this device.
A wide range of sorbents for UHPLC separations in RP mode are available on the market,
with the Cis type being the most often chosen for GA separation [22, 30]. C1s sorbents are
generally suitable for all compounds with a certain degree of hydrophobicity. However,
for the separation of numerous GA isomers in a mixture, further modification of a RP
sorbent was of interest to enable greater resolution of co-eluting or closely eluting
analytes. Preferably, the sorbent should offer greater interaction with the polycyclic
structure of the analysed substances. Therefore, RP sorbents with positively charged
functional groups (e.g, Acquity UPLC CSH Cis, Waters or Luna Omega PS Cis,
Phenomenex) and others bearing a cyclic structure, such as phenyl (e.g., Ascentis Express
Phenyl-Hexyl, Sigma Aldrich or Acquity UPLC CSH Phenyl-Hexyl, Waters), were included
in the narrow group of LC sorbents tested for the optimisation of separation of acidic GAs.
A positive effect on GA separation was obtained with one of the positively charged LC
sorbents (column Acquity UPLC CSH Cis, 2.1x50 mm, 1.7 um; Waters), as shown in Article
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4. This column gave a better peak shape and peak-to-peak resolution compared to
separation using an uncharged LC sorbent (Acquity UPLC BEH Cis, Waters). Using the
Acquity UPLC CSH Cis column, 16 of the 20 studied GAs were fully resolved.

The second modification of the Cis sorbent (introduction of cyclic groups for the
separation of polycyclic GAs) proved to be unsuitable since there was a greater number

of co-elutions and a prolonged time of analysis by approx. 7 min (Fig. 4).

Separation of 20 gibberellins on Acquity CSH" column
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Figure 4. Separation of 20 gibberellins by ultra-performance liquid chromatography (UPLC). The signal
intensity corresponds to 10 pmol/injection. Mobile phase: methanol vs. 10 mM formic acid in water; column
temperature 40 °C. The program for gradient elution is listed in Article 4.
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A longer analysis time for the column containing cyclic hydrocarbon groups confirmed
the assumption that a more significant interaction between the analytes and sorbent
increased their retention on this type of sorbent. On the other hand, for some pairs of
peaks (GA1 vs. GAs, GA12 vs. GA1zald), there was a significant improvement in the Rs value
compared to separation on the CSH sorbent.

However, the possibility of GA separation using other separation techniques, such as
capillary electrophoresis (CE) [31], must not be neglected. Since native GAs do not contain
a chromophore that could allow them to be detected by UV VIS, MS detection must be used
instead. However, this detection type is incompatible with the separation of GA anions
using a cationic surfactant, such as cetyltrimethylammonium bromide [32]. Therefore, a
volatile formate buffer with the addition of ACN has been used for CE separation of eleven
GA anions in a capillary coated with a polymer carrying a positive charge (commercial
name SMILE(+), Nacalai Tesque, Kyoto, Japan) [33]. Unfortunately, the method's limit of
detection (LOD) was found to be unacceptable at 0.31-1.02 pM. In an attempt to decrease
the LOD, derivatisation of GAs has been performed, e.g., by introducing a fluorescent label
that enables detection based on laser-induced fluorescence (LIF). For instance, 6-oxy-
(acetyl piperazine) fluorescein was used for GAs as a representative of GAs and six other
"acidic" hormones (possessing a carboxyl group). Using this approach, the LOD was
reduced to 1.6-6.7 nmol-11 [34]. However, this value may also be insufficient for some
types of real samples. In addition, the method would have to be extended to a larger
number of GAs to gain significantly more information about GA biosynthesis and
catabolism in a tissue of interest. Modification of the analyte to give it a permanent
positive charge instead of using a positive charge inside the capillary has also been tested.
This method was demonstrated on a group of ten GAs with LOD in the range 0.34-4.59
ng-ml1 [35]. Nevertheless, according to the small number of papers published in
subsequent years, this method does not seem to have been used in practice for routine
analyses of biological samples. This is also true of other CE-based methods.

Detection of low-abundance GAs in the form of free carboxylic acids is most often
performed using a tandem mass spectrometer (MS/MS with a triple quadrupole analyser,
QQQ) equipped with an electrospray operating in the negative mode ((-)ESI) - Article 4.
However, this mode is generally perceived as less sensitive than the positive mode
((+)ESI). Therefore, a relatively large effort has been made recently to develop methods

for the derivatisation of GAs that enable their separation by UHPLC followed by (+)ESI-
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MS/MS detection [36-39]. The main motivation is that in some studies focused on the GA
biosynthesis and distribution within a relatively small segment of a tissue of a selected
organ (flower stamens, millimetre parts of a root or stem, etc.), the LODs for native GAs
analysed by (-)ESI-MS/MS were deemed insufficient [40]. To objectively evaluate this, the
author of this thesis derivatised selected GA standards using three different methods (see
the reactions outlined in Fig. 5) published in recent years [22, 37, 39]. The LODs obtained
during analysis using UHPLC-(+)ESI-MS/MS (QQQ analysers; Waters) for selected GAs are
listed in Table 1. LOD values were also measured on the same instrument in the (-)ESI-

MS/MS mode for comparison.

CH,

o HoN ] TEA, CMPI, 40°C, 10 min © CHy
R C + RN  CMPY, 40%, - R C |
OH | o NH, N
‘CH,y |
GA DEED GA-DEED CH,4
O HyC TEA, 80°C, 130 mi °
+ Br ' ,80°C,130min_____ R
R—C on N cH, -HBr 0 N 91"3
He ~ N’ CH,
CH,
GA bromocholine GA-ethyl-TMAB
(ethyl-TMAB)
O H,C .0
. + . N TEA 85°C,60min o < CHy
HyC : CH,
GA BPTMAB GA-propyl-TMAB

(propyl-TMAB)

Figure 5. Chemical reactions used for the derivatisation of GAs for their detection by (+)ESI-MS/MS. DEED -
N,N-diethylethylenediamine; TMAB - trimethylammonium bromide; TEA - triethylamine; CMPI - 2-chloro-1-
methylpyridinium iodide.
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Table 1. Limits of detection (LOD) for selected GA standards analysed by UHPLC-MS/MS in the multiple
reaction monitoring (MRM) mode.

LOD# (fmol/Inj.)
(-)ESI-MS/MS (+)ESI-MS/MS

without derivatisation DEED bromocholine BPTMAB

1LGR2013 Ref. Ref. Ref.

(Article 4) LGRaoz0 | ?LGR [39] “LGR [22] 'LGR [37]
GA; NM 7.72 3.85 0.02 10.86 NM 5.24 0.02
GA3 10 11.57 180.21 0.02 4.71 NM 0.19 0.04
GA4 40 1.89 1.65 0.05 2.05 NM 0.92 0.03
GA9 NM 23.57 35.86 0.01 489.39 NM 216.99 0.01
GA5* 60 4.30 0.55 0.01 437.82 NM 54.35 NM
GA19" NM 7.03 13.22 0.05 66.12 NM 17.41 0.07
GA24" 60 9.50 70.69 NM 26.12 NM 216.61 NM
GAs3" NM 2.30 1.21 NM 1.64 NM 3.65 NM

¥ calculated as S/N =3; LGR - values determined by the author of this thesis; *“GAs with two COOH groups; !
Xevo TQ MS (Waters; installation in 2009); 2 Xevo TQ XS (Waters; installation in 2019); Ref. [22] - Quattro
Premier XE (Waters); Ref. [37] - Agilent 6460 (linear dynamic range-LDR- 0.02-20 pg); Ref.[39] - Shimadzu

MS-8050 (LDR 0.02-100 pg); NM - not mentioned; DEED-N,N-diethylethylenediamine; BPTMAB- (3-
bromopropyl)trimethylammonium bromide.

Table 1 shows that, using our instruments, it was impossible to achieve LOD values as low
as those reported by other authors [36-40]. The LOD values obtained using our LC-MS
instrument installed in 2020 were lower or comparable with the LOD values obtained
after derivatisation reactions. Furthermore, it was found that ghost peaks occurred in the
sample after derivatisation, which often interfered with detection of the endogenous GAs
of interest and contaminated the quadrupole rods in the MS analyser. For these reasons,
we decided to avoid derivatisation reactions for routine analyses of endogenous GAs.
Thus, we continue to quantify native GAs in the form of free acids using (-)ESI-MS/MS
detection. This method gives satisfactory results and is routinely used for various
biological studies, as Articles 5-7 demonstrate. The method also allowed detection of
extremely low levels of GAs in segments of roots and leaves of wheat, an agriculturally
important cereal (Article 8).

Currently, some efforts are being made to analyse plant hormones at the site of their
action, i.e,, without their extraction and isolation from the tissue, followed by subsequent
quantification by one of the modern instrumental methods. For this purpose, biosensors
[41] or mass spectrometry imaging (MSI) have been proposed. In the former case, it may
be impossible to construct a single biosensor capable of analysing several tens to
hundreds of substances of a hormonal nature and apply it for in situ measurements in a

given tissue of an experimental plant. Even if it is possible to develop a biosensor for only
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one group of hormones (i.e, no more than 20 substances), the size of such a biosensor
would need to be limited to the dimensions of a microchip, and even at this size, it would
be unusable for some millimetre-sized tissues. So far, only one biosensor has been
prepared for measuring a GA, namely GAs [42-44]. That sensor was not intended to detect
low endogenous levels of this substance in plant tissues but to detect significantly higher
exogenous levels in brewing samples where it is used to speed up malt production. It has
been stated that 8-10 days are needed to produce malt for top-fermented beers and a little
less for bottom-fermented lagers. Two to three days can be reportedly saved if 25-500 pg
of GAs is added for each kilogram of barley [45]. Monitoring of GA3 in beer may be
necessary because it has been suggested to have a negative effect on human health. In the
USA, limits for the maximum permitted amount in food products have already been set
[46,47]. In 2012, the European Food Safety Authority (EFSA) published a preliminary
study [48], which stated that GAs is one of the 295 substances that are in the fourth phase
of the review program covered by the Commission Regulation (EC) No. 2229/2004 as
amended by Commission Regulation (EC) No. 1095/2007. According to this preliminary
study, GAs poses only a low risk to mammals: "Low acute toxicity was observed when GA3
was administered orally, dermally, and by inhalation." Regarding the analytical methods
needed to determine this substance in biological fluids, the report states: "Methods for
body fluids and tissues are not necessary because the active substance is not classified as
toxic or highly toxic". However, studies from the Asian continent have indicated a certain
degree of toxicity for rats and mice [49-51]. The only study on human cell toxicity that can
be found in the literature was published in Russian and reported an increase in
chromosomal aberration (two- to three-fold) caused by GAs [52].

MSI is the second potentially applicable method for monitoring substances of interest at
their site of action. In plant sciences, the method is used to visualise the spatial
distribution of low and high MW substances in plant tissues. So far, this method has not
yet been presented in the literature for GAs. Among other plant hormones, application of
MSI has been demonstrated only for those formed in much (several thousand-fold) higher
concentrations than those of GAs [53]. This includes so-called stress hormones, such as
jasmonic acid, salicylic acid, abscisic acid and indole-3-acetic acid, which are produced in

higher quantities in plant tissue, especially under biotic/abiotic stress conditions.
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IT.I.2. TRITERPENOID PLANT HORMONES BRASSINOSTEROIDS

Another group of substances with a terpenoid structure and the nature of plant
hormones [54] are brassinosteroids (BRs). These are tetracyclic compounds whose basic

skeleton consists of 27-carbon (C27) 5a-cholestane (Fig. 6).
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Figure 6. Structure of 5a-cholestane and its structurally derived natural steroid compounds with 27 to 30
carbons. All possible structural modifications of naturally occurring BRs at ring A are highlighted in yellow
and at ring B in blue. Various structural variants of the BR side chain are shown in the green shaded box.

Like many other plant sterols (phytosterols), BRs are chemically steroid alcohols. To
some extent, they structurally resemble cholesterol, which is the C27 dominant steroid
alcohol (OH group at C-3 position, Fig. 6) in the animal kingdom. Depending on the
substitution of the side chains (i.e.,, according to the type of alkyl at C-24), BRs and other
phytosterols can contain 27, 28 or 29 carbon atoms (Fig. 6). The most widespread in
nature are Czs-BRs [55], among which brassinolide (BL), which has a 7-oxalactone ring B,
has the highest biological activity [56]. Similarly to the GAs, the BR structure affects their
biological activity. Any modification of the B ring leads to a significant reduction in the
biological activity of BRs. Thus, lactone BRs (6-oxo0-7-oxa configuration) exhibit the
highest activity, 6-oxo type BRs (castasterone, CS) have lower activity and BRs without
oxygen on ring B (6-deoxo) show no biological activity. Another condition of biological
activity is the presence of vicinal diol groups at C-2 and C-3 and the orientation of hydroxy

groups at C-22 and C-23 in the side chain, where the 22R,23R-orientation leads to higher
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activity compared to the RS- or SS- orientation, resp. [56]. All steroid substances, including
BRs, are formed in plant cells from squalene (C30Hso; Fig. 6), a common C3o precursor for
all triterpenoids. They are formed de novo from the basic Cs isoprenoid diphosphates IPP
and DMAPP in plant cells (Article 2). The complete plant sterol biosynthetic pathway
involves a sequence of over 30 enzyme-catalysed reactions, leading to the AS5-sterols
sitosterol, cholesterol and campesterol (CR), the latter of which is the first BR-specific
biosynthetic precursor for C2s BRs bearing a methyl group at C-24.

BRs are important components of the hormonal network controlling important
physiological processes during the plant life cycle (Fig. 7). During the reproductive phase
of plant development, BRs are involved in germination, flowering and male fertility. In the
vegetative growth phase, they regulate organ elongation, the timing of senescence and

plant tolerance to abiotic stresses (e.g., salinity, temperature, water) [57].
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Figure 7. The physiological effects of brassinosteroids.
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Since the discovery of BL, the first BR, in 1979 [58], more than 70 naturally occurring BRs
have been identified to date [59]. Like GAs, they tend to be relatively abundant in
reproductive plant tissues, such as pollen, flowers and immature seeds. However, their
levels are extremely low in vegetative tissues, even compared to those of other plant
hormones (fg-pg-g-1 FW). Thus, analysis of these substances also falls into the ultra-trace
analysis category and requires very precise sample preparation and sensitive analytical
instruments. A group of 22 substances, including C27 BR biosynthetic precursors, the main
Cz2s BRs and C29 (28-homoBRs), was studied in our laboratory to develop an analytical
method to determine BR representatives. Their structures are shown in Fig. 8. The

method development details are described below.
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Figure 8. Structures and biosynthetic relationships of brassinosteroids. The abbreviations of compound names
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selected for developing the method for sensitive analytical determination.
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Physicochemical properties of brassinosteroids

Due to their structure, BRs are relatively non-polar substances that, unlike GAs, do
not have an ionic character. Therefore, ion exchange chromatography cannot be used for
their isolation. Like GAs, naturally occurring BRs do not show any spectral characteristics,
such as fluorescence or UV absorption (only at around 204 nm [60]), that could be used
for their detection. They are relatively stable compared to GAs and have fewer
requirements during sample preparation with regard to, e.g., pH of the environment or
type of solvents. Maintaining the temperature of extracts and semi-purified samples
between -20 °C and +4 °C is only recommended to prevent enzymatic conversion of the

monitored analytes (details are provided in Article 3).

Extraction and preconcentration of brassinosteroids

As already mentioned for GAs, the selection of a suitable extraction agent and
method of preconcentration of BRs are very important. Again, the extreme complexity of
the plant sample matrix and ultra-trace amounts of BRs, which co-occur with a huge
number of interfering substances (e.g., pigments, lipids, proteins) at far greater
concentrations, play a key role here. The removal of interferents from extracts is usually
achieved in most published protocols using very lengthy and time-consuming procedures,
all of which work on the principle of hydrophilic/hydrophobic interactions and most
include the following sequential steps: LLE with chloroform, hexane or ethyl acetate,
column chromatography (Sephadex LH-20), SPE (diethylaminopropyl and Cis sorbents)
and finally fractionation using RP-HPLC [61-65]. This entire procedure, in addition to
being very time-consuming and unsuitable for a large series of samples, also requires a
sample mass of the order of units to hundreds of grams of FW so that, even with large
losses at each preconcentration step, the BR content remains at a detectable level in the
final sample. Nevertheless, there is a desire to reduce the amount of sample needed
because in many biological experiments, it is impossible to obtain large samples for
analysis. Thus, there are two options. The first involves reducing the sample mass to an
optimal level where the amount of interferents is relatively low but the BR levels are still
quantifiable. The preconcentration focuses on the primary removal of interferents, while
the target analytes are not retained on the sorbent. This approach was used by the author

of this thesis when developing a BR preconcentration method, i.e, interferents were
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retained on a Supelco (USA) column (Discovery® DPA-6S, 50 mg/1 ml) and the substances
of interest passed through the column without retention. More details can be found in
Article 9. The second option is based on increasing the selectivity of the workflow, as
discussed above in the chapter “Extraction and preconcentration of gibberellins”. There
are various ways to increase the selectivity during sample preparation. The longest used
is derivatisation of native BRs bearing a C-22,23 diol group. This group reacts selectively
with boric acid to form cyclic esters (Fig. 9). This reaction was first used in the 1960s for

the analysis of naturally non-volatile steroid substances by GC-MS [66, 67].

,OH
HO—B,
OH -2 H,0

brassinolide (BL) boric acid cyclic boronate ester of BL

Figure 9. Formation of cyclic esters of boric acid with brassinosteroids - an example of the reaction with
brassinolide (BL).

Later, after the discovery of BRs, the principle of this reaction was used for their
derivatisation prior to HPLC separation. The main goal was to introduce a chromophore
into the molecule to enable UV detection at wavelengths of ~280 nm [68]. For this
purpose, 1-naphthyl boronic acid was used, which reacts with BRs in a basic environment
(pyridine) to form cyclic mono- (reaction with the diol at the C-22,23 position) and bis-
derivatives (reaction with the diol at C-2,3 and C-22,23). After acidification, the resulting
ester decomposes into the starting compounds, ie., the reaction is reversible, pH
controlled and can be used for the preconcentration of BRs. In the 1990s, a gel material
with immobilised boric acid appeared on the market. It has been used for the selective
isolation of BRs bearing a vicinal C-22,23 diol group [69]. However, diols at C-2,3 do not
react under these conditions [70]. BR boronate derivatives have since been used countless
times in various modifications, e.g., as a sorbent for microextraction in the form of a

polymer monolith bearing poly(3-acrylamidophenyl) boric acid [71]. The sorbent was
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prepared by polymerisation inside the capillary of a syringe, and the recovery of this
procedure varied between 79 and 109 % when using 1 g of plant tissue.

Furthermore, a preconcentration method based on the principle of in situ derivatisation
(ISD) has been reported. In this experimental setup, the sorbent is freely dispersed in an
extract. Centrifugation or removal using magnetic forces for sorbents with magnetic
properties (so-called magnetic SPE, MSPE) is then used for its isolation. MSPE-ISD has
been applied for the isolation of BRs from an acetonitrile extract based on hydrophilic
interactions (hydroxyl groups of BRs) with TiOz-coated silica magnetic hollow
mesoporous particles [72]. Under these conditions, the lowest matrix effect was found at
sample weights of 100 mg FW. For loadings <100 mg, some BRs were found below the
limit for quantitation (LOQ). A similar procedure can be followed when using magnetic
Fe304 nanoparticles carrying naphthyl boric acid [73]. Surprisingly, shortly after the
publication of this highly sophisticated method, the same team of authors published a
preconcentration procedure based on the use of non-selective "general purpose" mixed-
mode sorbents (MAX and MCX, Waters, Ireland) containing an RP sorbent in combination
with an ion-exchange sorbent [74]. Due to the non-ionic character of BRs, use of such
expensive SPE columns (approx. 300 CZK/piece) with a large amount of sorbent (500 mg
bed size) is puzzling. The authors explained that they assumed that interfering substances
of an acidic nature are "strongly retained on the MAX column based on the anion ion
exchange mechanism". However, this claim is not supported by any data. The " flow-
through" fraction containing BRs in 95 % MeOH obtained from the MAX column was
diluted to obtain a sample containing only 10 % MeOH. At this stage, the sample was
loaded into the MCX column. No details were provided of the solvents used for activation
and conditioning of both SPE columns. After loading the sample, washing steps were
performed, first with 5 % MeOH with 5 % FA and then with 5 % MeOH with 5 % ammonia
(removal of basic interferents). BRs were eluted from the MCX column with 80 % MeOH.
The total recovery of the entire two-step SPE protocol for 1 g of plant tissue was not given.
In contrast to this work, a method for BR microextraction with a C1s sorbent placed inside
a pipette tip (in-tip SPE or micro-SPE) was published three years later [75]. The author of
this thesis has tested commercially available in-tips (Supel-Tips Ci1s, 10 pul, Supelco, USA)
for BR preconcentration from plant extracts. Two sets of samples were prepared: 1. a set
of three samples containing the extraction solvent without plant tissue, and 2. a set of

three samples containing the same solvent with 2 mg of FW tissue (rapeseed flowers).
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Three tritium-labelled BR standards ([5,7,7-3H]homocastasterone, [5,7,7-3H]epi-
castasterone and [5,7,7-3H]epi-brassinolide) were added individually to each of the six
samples to determine the recovery of the in-tip procedure. As shown in Fig. 10, the
recovery of 3H-BRs ranged from 50 to 57 % for extracts without plant matrix and 24-34
% for samples with matrix. These results were evaluated as unsatisfactory, and the in-tip
SPE procedure is no longer used. Similarly low recovery values of BRs from Cis sorbents
were found by Swaczynova et al. [76]. Therefore, in the study published in Article 9,
sorbents with lower hydrophobicity, namely C1, C2 and C4 (Isolute, Biotage, Sweden) were
tested. Among these, the C4 sorbent was finally selected because it showed recovery
values of 3H-BRs in samples with 50 mg FW of the biological matrix and after purification

through the DPA-6S sorbent in the range of 56-68 %.
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Figure 10. Barcharts of 3H-BR recovery from in-tip SPE with Ci1s sorbent. Load - 10 pl of extract in 10 % ACN;
flow through - the fraction of sample going through the tip after sample loading; wash - the fraction obtained
after washing the sorbent tip with 10 ul of 0.1 % TFA (trifluoroacetic acid) in 5 % of ACN; elution - 10 pl of 95
% ACN with 0.1 % FA. The sorbent in the pipette tip was activated with 10 ul of 50 % ACN and equilibrated
with 10 ul of 0.1 % TFA before sample loading. The sample loading was performed in 10 consecutive cycles
(10x aspirated and 10x pushed out from the tip).

Another way to selectively preconcentrate BRs is to use the IAC approach. For this
purpose, we prepared anti-BRs monoclonal antibodies (mAb) whose cross-reactivity

against BRs containing a C-2,3 diol group was over 94 % (Article 10). BRs bearing only
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one hydroxyl at the C-3 position (teasterone, TE; typhasterol, TY) showed minimal cross-
reactivity. Structurally similar sterols commonly found in plant tissues, such as sitosterol
and stigmasterol, did not show any cross-reactivity with this mAb. The Ab was
subsequently immobilised on a suitable carrier, then placed into a polypropylene
cartridge and used for the isolation of BRs from plant extracts. The reproducibility of the
procedure was verified using tritium-labelled BRs and found to be >85 %. The increased
selectivity of analyte isolation led to an increased signal-to-noise ratio (S/N) in the

subsequent UHPLC-MS/MS analysis, as can be seen in Fig. 11 for BL and CS.
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Figure 11. MRM chromatograms of endogenous brassinolide (BL) and castasterone (CS) in 50 mg FW Brassica
napus extracts demonstrating the increased sensitivity of UHPLC-MS/MS analysis achieved using
immunoaffinity chromatography. (A) and (D) show chromatograms of samples purified by an SPE column only,
whereas (B) and (C) show chromatograms for samples purified by a combination of SPE and immunoaffinity
chromatography. The calculated signal-to-noise ratio (S/N) is displayed as a peak-to-peak (PtP) function.

Methods for quantitative analysis of brassinosteroids

As mentioned at the start of this chapter, endogenous concentrations of BRs in
samples of plant origin are extremely low in the ppt to ppq range (10-15to 10-12 g-g1), i.e,
roughly a thousand times lower than the previously described GAs (Article 9). For the

successful detection of such low levels, it is necessary to select an appropriate sample size,
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take care to remove substances causing a high chemical background and use an analytical
detection method that enables a sufficiently low LOD/LOQ. The first methods used for the
detection of BRs were bioassays in the early 1980s [77,78]. They allowed measurement
of a relatively low amount of BRs (1:10-13 to 2:10-11 mol). However, their main
disadvantage was that they could only detect bioactive BRs (see the structural
requirements for BR bioactivity above). Non-active BR biosynthetic precursors and BR
metabolites cannot be detected using this approach. Later on, bioassays were used for
testing the biological activity of new synthetic analogues. Bioassays have since been
replaced by various types of immunoassays, mainly radioimmunoassays (RIA) [79] and
enzyme-linked immunoassays (ELISA) [80], which have LODs of about 10-12 mol.
Unfortunately, the mAbs used for ELISA showed high cross-reactivity with plant sterols
other than BRs (sitosterol, ecdysone). This problem was resolved using polyclonal Abs.
Correct running of ELISA was independently confirmed by parallel HPLC-MS analysis
[77].

Among the instrumental techniques, mass spectrometry also came to the fore for BRs. MS
detection was first coupled to GC separation, for which it was necessary to derivatise the
analytes due to their non-volatility. The standard derivatisation reaction involved the
preparation of bis-esters of bis-methane boronic acid (BSB) with BRs bearing vicinal diols
[70, 81]. The principle of the reaction is similar to that shown in Fig. 9. Therefore, BRs that
do not contain these vicinal diols, such as biosynthetic precursors located in the
biosynthetic pathway before the C-22 and C-23 hydroxylation step (campesterol, CR;
campestanol, CN; 6-0xoCN; cathasterone, CT; 6-deoxoCT) cannot be determined using this
method (for structures see Fig. 8). The method can be used for both the quantitative
analysis (LOD at the sub-ng limit) and identification of BRs in biological samples based on
their electron impact (EI) spectrum.

With the gradual introduction of LC, it is now possible to analyse naturally non-volatile
BRs without derivatisation. However, owing to the absence of a chromophore,
fluorophore or other structural properties that could facilitate detection using available
instrumental methods, derivatisation remains the method of choice for laboratories with
no access to MS. In addition to the UV detection of boronate derivatives at 210 nm [69],
methods based on fluorescence [82-84] and electrochemical detectors [85] have also been
reported. For BL, the most bioactive compound of the BR family, the LOD for UV detection

was found to be ~100 pg, whereas fluorescence detection gave a much lower LOD at the
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fg level. A LOD of 25 pg was reached using electrochemical detection of BL after its

derivatisation with ferroceneboronic acid (Fig. 12).
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Figure 12. Structure of ferroceneboronic acid.

This organometallic compound has been known since 1959 [86], while the ferrocene itself
was first prepared in 1951 [87]. Ferroceneboronic acid is very suitable as a redox-active
marker for the electrochemical detection of substances containing cis-diols that have no
redox centre in their native form. Without derivatisation and using an evaporative light
scattering detector (ELSD), four BRs were analysed, but only at exogenous levels, as the
method only allowed a LOD of 0.12-0.17 pg [88].

However, the most frequently applied detection method for determining trace amounts
of BRs remains MS during LC separation, often using an electrospray ion source operating
in the positive mode ((+)ESI). In addition to this ionisation technique, a paper describing
the use of atmospheric pressure chemical ionisation (APCI) has been published [89]. The
method was applied for the determination of BRs in seeds (reproductive tissue) in the
form of naphthalene boronates using the selected ion monitoring mode (SIM), achieving
a LOD of 2 ng for BL. However, the paper fails to discuss the sample size, extraction and
purification procedure specifications. By applying SIM in combination with (+)ESI, a
derivatisation method allowing detection of up to 125 attomoles of BL has also been
published [90]. Dansyl-3-aminophenylboronic acid was used as the derivatisation agent,
which was previously applied as fluorescent label for BRs in their detection at femtomolar
levels in tomato cell cultures [91]. However, the extraction and preparation of the sample
were unsuitable for routine analysis of a large series of samples as they required 57 g (!)
of plant tissue. The remaining part of the sample preparation cannot be characterised as
high throughput either: three LLE steps, thin layer chromatography (TLC) followed by RP-
HPLC fractionation.
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Other LC-MS methods were also based on the preparation of BR boronate derivatives [92-
95], but the number of analytes in all these methods did not exceed 13. The method
published by us (Article 9) enabled determination of 22 BRs without the need for
derivatisation using RP-UHPLC with (+)ESI-MS/MS detection. It has been successfully
applied in various biosynthetic studies (Article 11-13). Table 2 shows a comparison with

other published methods.

Table 2. Comparison of different methods for the determination of brassinosteroids.

Method Sample amount LOD Derivatisation all::)l.y(:::s Ref.
UHPLC-(+)ESI-MS/MS 50 mg 0.2-40 pg x 22 Article 9
UHPLC-(+)ESI-MS/MS 50 mg 1-50 pg x 15 Article 10
UHPLC-(+)ESI-MS/MS 100 mg 1.9-5.2 ng/l v 5 [72]

HPLC-(+)ESI-MS/MS 50 mg 0.8-5.7 ng/1 v 5 [94]
HPLC-(+)ESI-MS/MS 100 mg n.m. v 13 [95]
HPLC-(+)ESI-MS/MS 57g 0.1pg v 3 [90]
HPLC-UV/(+)APCI-MS n.m. 2-4ng v 4 [89]
HPLC-fluorescence 15 kg n.m. 4 6 [91]
GC-MS 10g n.m. 4 6 [61]

GC-MS S541¢g n.m. 4 4 [96]

n.m. - not mentioned

Let us briefly mention some details about the separation of BR using LC. Due to the
hydrophobic nature of BRs, RP-chromatography using Cis sorbent is usually the method
of choice. As part of our work, the separation was optimised on three RP sorbents with
the aim of selecting one that achieved separation with the highest possible Rs value,
especially for two pairs of positional isomers BL and 24-epiBL and castasterone (CS) and
24-epiCS. These isomers differ greatly in their biological activity, and therefore it is
desirable to obtain quantitative data on each of them separately. Three sorbents, i.e., BEH
Cis, CSH Cis (both Waters, Ireland) and Phenyl-Hexyl (Ascentis® Express column,
Supelco, USA), were tested for this purpose. The mobile phase consisted of 100 % ACN
and 10 mM FA, the combination of which achieved the highest ionisation efficiency of the

analysed substances in (+)ESI-MS (see Article 9). The highest resolution was achieved on
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the last-mentioned column (Fig. 13 E, F), which was recommended by the manufacturer,

especially for separating heterocyclic compounds.
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Figure 13. Comparison of peak shape and peak-to-peak resolution of two pairs of BRs epimers BL vs. epiBL
and CS vs. epiCS on Acquity UPLC®BEH Cis (A, B), Acquity UPLC® CSH™ Cis (C, D) and Ascentis® Express
Phenyl-Hexyl (E, F) columns. Specification of the columns: both Acquity UPLC columns were 2.1x 50 mm, 1.7
um and the Ascentis® Express column was 2.1x100 mm, 2.7 um. Tc = 40 °C, flow-rate 0.3 ml-min-1.

However, unfortunately, this column failed to impress when evaluating the peak width
because it was up to two times higher than the peak widths obtained on BEH and CSH
sorbents. Therefore, the compromise solution for RP-LC separation of these BRs isomers
was the CSH column (Fig. 13 C, D), for which the other 11 analytes from the end of the
biosynthetic pathway showed optimal chromatographic characteristics (Article 9). The
remaining seven substances (BR biosynthetic precursors CR, CN, CT, 6-0xoCN, 6-deoxoCT,
6-deoxoTY and 6-deoxoCS - see Fig. 8) from the selected group of 22 BRs could not be
separated on the Cis sorbent because of their high hydrophobicity. Their high degree of
interaction with the Cis sorbent did not allow them to be successfully eluted using
common RP-LC eluents, such as ACN. Thus, the retention of this group of substances was

tested on C4 sorbent (Acquity UPLC® Protein C4, Waters, Ireland), for which a lower level
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of interaction was expected. The same type of sorbent was successfully used in a SPE
format for the preconcentration of these substances from biological samples. UHPLC
separation of the seven BR precursors was successfully achieved on a column with Cs

sorbent and a 40-100 % ACN vs. 0.1 % FA gradient in 10 min (Fig. 14, Article 9).
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Figure 14. Separation of seven brassinosteroids (group B) by ultra-high performance liquid chromatography
(UHPLC). The UHPLC-MS chromatogram of a BR standard mixture is divided into five MRM channels (I-V)
comprising 10 pmol of each BR per injection.
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IT.II. OTHER NATURAL SUBSTANCES OF TERPENOID
CHARACTER

IT.IT.1. PHYTOECDYSTEROIDS AND OTHER STEROID COMPOUNDS
OF PLANT ORIGIN

As mentioned in chapter IILIL, unlike animals, plants did not evolve an endocrine system
that secretes chemical messengers needed for intercellular communication to regulate
their growth, development and defence against various environmental cues. However,
they have evolved other chemical (and physical - e.g., thorns, etc.) mechanisms that fulfil
these functions instead. The first two chapters of this thesis dealt with plant hormones.
This chapter focuses on low MW substances that plants synthesise de novo as part of a
chemical defence against predators, such as insects, nematodes, herbivores, etc.
Conversely, high MW substances (proteins) are activated by cells within the plant’s
immune system during attack by pathogens [97]. Low MW substances known as
antifeedants, insecticides and predator growth regulators, also known as endocrine
disruptors, may be produced when a plant is attacked by predators. Substances of this
type include phytoecdysteroids (PEs). Like BRs, PEs are polyhydroxylated natural
steroids. Their biological effects and relations to plant hormones are covered in detail in
Article 14. Most PEs possess a Cz7 carbon skeleton of cholest-7-en-6-one (Fig. 15),
derived biosynthetically from cholesterol. Some PEs are derived from Czs and C29
phytosterols (alkylated at C-24), and thus possess Cz2s and Cz9 skeletons. For details about
their biosynthesis and relationship with other plant sterols, including BRs, see Articles 2

and 14 and the summary in Fig. 16.
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Figure 15. Chemical structure of cholest-7-en-6-one. For the most common phytoecdysteroid 20-
hydroxyecdysone (20E), R! = CHs, R? = OH. The red oval indicates the chromophore 14 a-hydroxy-7-en-6-one.
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All naturally occurring PEs have CHs groups at C-10 and C-13 in the S-configuration.
Another common feature is cis orientation of the A/B ring junction, whereas the B/C- and
C/D-ring junctions are always trans [98]. Most PEs contain an OH group in the 14a-
position. Free electron pairs on the oxygen of this group are part of a conjugated system
(Fig. 15) that gives PEs a characteristic ultraviolet absorption with Amax at 242 nm in
methanol. This spectral property sets them apart from BRs, which do not contain a
chromophore. Other spectral properties described in the literature are fluorescence
induced by sulfuric acid or an aqueous ammonia solution [99]. Typical values for
excitation and emission wavelengths are in the region of 380 and 430 nm, respectively
[100]. The presence of hydroxyl groups in PE molecules is manifested by strong
absorption of infrared light in the 3340-3500 cm-! region [101, 102].
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Figure 16. Simplified plant biosynthetic pathway for ecdysone (E), a representative of phytoecdysteroids (PEs).
Chenopodiceae plants* - spinach Spinacia oleracea (Adler and Grebenok, 1995; doi 10.1007/BF02537830).
This pathway was also confirmed for Ajuga reptans belonging to the Lamiaceae family (Ohyama et al,, 1999;
doi 10.1016/50968-0896(99)00243-6).
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Development and optimisation of a method for preconcentration and trace analysis of
these substances is part of a forthcoming publication. Therefore, they are not discussed in
detail here. A small part of the results obtained from application of this microscale method
is presented in Fig. 17. Nevertheless, it is noteworthy that the technical advances in
analytical instrumental techniques have significantly contributed to the detection of PEs,
even in plant species previously considered PE-free species. One such species is
watercress Lepidium sativum, which is dealt with in Article 15, which reports a study of

the interaction of these substances with BRs.
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Figure 17. Profile of phytoecdysteroids in 10 mg samples from various plant species. Seeds of Leuzea
carthamoides seeds (A), Ajuga reptans (B) and another four species (C). Abbreviations of PEs: 20E - 20-
hydroxyecdysone; polB - polypodine B; ponA - ponasterone A; stachC - stachysterone C; ajuC - ajugasterone C;
makC - makisterone C. Tarkowskd, in preparation.

From a physiological perspective, PEs are not classed as plant hormones because they do
not occur in all plant species. Their concentrations are often higher than those typical of
plant hormones and their receptors have also not yet been identified in plants. The group
of PEs is relatively large and includes around 300 substances identified in more than 100

species of terrestrial plants [103]. As mentioned above, their biological function is
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probably the defence of plants against attack by invertebrate predators trough reducing
their appetite (antifeedant properties) or disrupting their development by interfering
with their endocrine system (endocrine disruption), which can reportedly result in the
death of the invertebrate individuals [104-106]. In addition to the effect of PEs on
invertebrates, the effect of these substances on the health of mammals, including humans,
is relatively well-studied. The human diet contains many plant-based foods rich in PEs,
and people may also consume preparations from medicinal plants with a range of PE
content. Currently, they are most often encountered as adaptogens [107], i.e., substances
that help the body to strengthen its stress resistance and adapt to stressors. Most of the
data published so far focus on the anabolic effect of PEs, especially in the 1970s and 1980s,
after it was shown that the most frequently occurring PE in plants, 20-hydroxyecdysone
(20E), causes increased proteosynthesis in mice [108]. The anabolic effect increases
muscle mass owing to a sufficient supply of proteins, and hence increases physical
performance without training. Interestingly, this effect was reached without the negative
side effects known for other steroid substances, as demonstrated in various animal
models (rats, mice, pigs, etc.) [109-111]. Among the other proven effects of PEs on
mammals, antiglycemic, antioxidative, antimicrobial, antiosteoporotic and other effects
have been reported [112]. The plants richest in PEs often belong to the genus
Chenopodium, such as spinach Spinacia oleracea or quinoa Chenopodium quinoa [113,
114]. Several medicinal plants are also rich in PEs, such as Maral root Leuzea carthamoides
[115], Ajuga reptans [116] and many others [117] - Fig. 17.

Two other groups of steroid substances of plant origin with the ability to modulate
the development of plant predators are phytoestrogens and phytoandrogens. They
generally affect the fertility of predators (most commonly insects and vertebrates such as
herbivores) to reduce their cumulative attacks on plants. The success of such a defence
depends on the direct synthesis of reproductive hormones or the synthesis of substances
that mimic the function of vertebrate reproductive hormones [118]. From this point of
view, the above-discussed (chapter ILI.1.) diterpenic gibberellic acid GAs can also be
classified as a phytoestrogen, which, in addition to the earlier mentioned stimulating
effect on the growth and differentiation of plant cells, has been observed to have a
stimulating effect on the growth and proliferation of uterine cells in experimental
mammals (rats) [119]. Many studies have also reported its androgenic effects (cress

growth in male chickens, increased sexual activity in male rabbits) [120, 121].
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But back to the topic of phytoestrogens. As the name implies, phytoestrogens act like
oestrogens in the animal kingdom, i.e,, they control female fertility [122]. Phytoandrogens
act similarly and are thought to be synthesised in the plant cell primarily to suppress the
fertility of male predators. Unlike the relatively well-studied occurrence of
phytoestrogens, there is very little information about phytoandrogens. Most often, both
groups are mentioned in connection with human health, as plants rich in them are
successfully used in herbalism, i.e., using plants for therapeutic and preventive purposes.
The ability of plants to synthesise these substances is often ignored, and it is usually
assumed that these substances are found only in the animal kingdom, as outlined in the
review attached to this thesis as Article 1. This is partly because our knowledge of their
biosynthesis in plant cells is relatively limited. Previously, it was assumed that Cis-C21
steroid compounds are formed in the cytosol of plant cells from cholesterol by the same
processes as has been observed in animals, where the sex hormones are formed from
progesterone (PRG; C21H3002) by successive oxidation steps, both at C-17 and at C-19
[123]. However, studies with 3H and 14C-labelled precursors showed that dominant higher
plant C29 sterols f-sitosterol (24a-ethylcholesterol) and its A22-analogue stigmasterol, as
well as C2s campesterol, could also serve as PRG precursors [124,125]. A simplified
scheme of the biosynthetic relationships between Cis-C21 steroids in plants is shown in

Fig. 18.
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Figure 18. Simplified scheme of biosynthetic relationships between plant sterols and Cis-C21 steroid
compounds. BRs - brassinosteroids; PEs — phytoecdysteroids.
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This is also demonstrated in Fig. 19, which shows the levels of common phytosterols
(ng-g'1 DW), PRG, oestrogens and androgens (pg-g'1DW) in seeds of various plant species.
The data were obtained by two methods developed for microscale preconcentration and

analysis of these substances in plant sources (Tarkowska et al., unpublished).
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Figure 19. Profiles of Ci1s-Cz21 steroids (A) and phytosterols (B) in 10 mg of seeds of various plant species
(Tarkowskd et al, in preparation). MeCHS, 24-methylenecholesterol.

Phytoestrogens are often used in herbal preparations to help alleviate troublesome
symptoms in women, especially during the menopausal period and the so-called
premenstrual syndrome (PMS) [126]. In both cases, problems arise due to an
unfavourable ratio of oestrogens to other steroid hormones. In the case of PMS, levels of
oestrogen and prolactin are increased vs. decreased progesterone levels in the second half
of the menstrual cycle. In the case of the menopause, levels of oestrogen and progesterone
decrease owing to the suppression of ovarian function. An insufficiently high oestrogen
level is then manifested by symptoms such as hot flashes, depression, mood changes,
sleep disorders, vaginal dryness and joint pain [127]. Primarily, these symptoms can be
alleviated by hormone replacement therapy. However, epidemiological data have shown
that a diet rich in phytoestrogens, a rich source of which is soy, chickpeas and other

legumes [128], reduces the number of hot flashes, the incidence of cancer and moderates
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other symptoms associated with a lack of oestrogens [128, 129]. For this reason, women
are increasingly consuming foods rich in phytoestrogens and seeking phytoestrogen
herbal preparations as an alternative therapy [130]. The fact that hormone replacement
therapy can lead to a slight but significant increase in the risk of developing breast and

endometrial cancer has also played a role [130-133].

IT.IT.2. INDOLE ALKALOIDS

Alkaloids are another group of low MW substances that are assumed to be
synthesised de novo by plants as part of a chemical defence against attack, especially by
herbivores and pathogens. Considering that plants spend a relatively large amount of
energy on their synthesis and at the same time must possess highly specialised enzymes
for this, it might be assumed that alkaloids in plants fulfil another, as yet unexplained,
function. During the 200 years since the discovery of the first alkaloid morphine (1806),
around 20,000 compounds of this type have been isolated in roughly 20 % of plant species
[134]. However, the isolation of a given alkaloid has not always been coincident with
elucidation of its structure until the beginning of the development of physicochemical
methods in the 1950s. For example, 162 years passed from the isolation of caffeine to the
discovery of its structure.

The group of alkaloids is structurally very diverse. Still, as their name indicates, they are
all substances of an alkaline character. Their common structural feature is a heterocycle
with at least one incorporated nitrogen atom, which originates biosynthetically from one
of the following amino acids - ornithine, lysine, phenylalanine, tyrosine, tryptophan or
histidine. For the work detailed in Article 16, a group of alkaloids derived from
tryptophan (Trp) was selected - Fig. 20. In the literature, they are also called indole
alkaloids (IAs), as the basis of their structure is the indole skeleton (marked in blue in

Fig. 20).

44



TERPENOIDS

oH
| | NH, | | NH,
N N

H B
tryptophan (Trp) tryptamine
e ]
=N ZN
N (0] N
? H | H
CHy CHs CHj CHy
harmine harmaline

H
NN
e
o]
yohimbine ajmalicine

Figure 20. Chemical structures of tryptophan (Trp) and its structurally derived indole alkaloids. The indole
skeleton is marked in blue.

Most [As also contain isoprenoid building blocks formed via both known isoprenoid
pathways—the mevalonate pathway (MVA) and the non-mevalonate pathway, also called
the 2-C-methyl-D-erythritol 4-phosphate pathway (MEP) - see Article 2. According to the
structure of the terpene unit, [As can be classified as simple IAs (possessing one Cs unit)
or terpene IAs (possessing two Cs units, i.e, containing 9-10 carbons). Simple IAs are
derivatives of tryptamine (Fig. 20), a decarboxylation product of Trp [135]. Well-known
members of this group are psilocin and psilocybin, alkaloids isolated from the Psilocybe
genus species. The subjects of interest of this thesis are terpene IAs formed from
tryptamine and a Cio terpene unit, commonly called monoterpenoid indole alkaloids
(MIAs). 1t is the largest group of alkaloids in the plant kingdom, consisting of over 2,000
compounds of the 10,000 alkaloids identified so far [136]. In addition to the above-
discussed significance of alkaloids for plants, these substances have been shown to have
certain pharmacological effects in mammals, which is why these secondary metabolites
have been isolated from various medicinal plants. Among MIAs, harmala alkaloids are
the most important representatives - Fig. 20. They are named after the plant Peganum
harmala, from which they were isolated for the first time [137]. The group includes
harmine, harmaline (see Fig. 20), harmalol, harmol and tetrahydroharmine. They are

potent monoamine oxidase inhibitors (MAO, EC 1.4.3.4), ie., they can decrease the
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degradation rate of monoamine neurotransmitters, enabling them to be used as
antidepressants [138]. They are also present in hallucinogenic preparations, such as the
psychedelic drink ayahuasca, which is brewed in some countries to enhance the activity
of amine hallucinogenic drugs. However, the ingestion of plant preparations containing
harmala alkaloids may result in toxic effects, namely visual and auditory hallucinations,
nausea, vomiting, confusion, agitation and low blood pressure [139]. Two other MIAs of
interest in this thesis, yohimbine and ajmalicine (Fig. 20), are present in many plant
species, especially Rauvolfia and Catharanthus genera. Their main therapeutic effects are
antihypertensive and antiarrhythmic [140,141]. Some studies have also shown an
antitumor effect [142,143].

Although the occurrence of MIAs is relatively well-known, approaches for microscale
extraction and sample pretreatment prior to their determination by sensitive analytical
methods are limited. Moreover, the relative distribution and content of alkaloids in plants
are often inconsistent or not well-established. Therefore, our work aimed to establish a
fast, reliable and high-throughput method for the determination of four
pharmacologically significant substances of the MIA family for rapid testing of their
content in food supplements of plant origin. In many countries, products of this type are
not thoroughly controlled for active and other substances. Thus, these natural products
may be dangerous to some individuals. By increasing the selectivity of the
preconcentration procedure by reducing the sample size, using SPE with a mixed mode
sorbent (mixture of Cis and cation-exchanger) and introducing selective MS detection
(MRM mode), we were able to detect these compounds in previously unpublished plant

materials.

Extraction and preconcentration of indole alkaloids

The first chapter of this thesis concerned representatives of secondary metabolites with
an acidic character (gibberellins), the next chapters discussed neutral substances (steroid
alcohols), and this chapter is dedicated to plant terpenoid secondary metabolites with a
basic character. The dissociation constants (pKa) of four selected compounds from the
MIA group ranges from 6.31 (ajmalicine) to 9.55 (harmaline) [144,145]. Therefore, a basic
reagent is suitable for the extraction of these substances. The reagent should also contain

an organic solvent so that the hydrophobicity of the reagent matches the hydrophobicity
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of the indole skeleton (Fig. 20) of the extracted compounds. Most studies have used
ethanol [146], methanol [147,148], 60 % (v/v) aqueous methanol solution [149] or
chloroform [150,151]. The basic component is often added to the extract in the form of
ammonium hydroxide NH4OH. Either the plant material is wetted with it before extraction
with the organic solvent [149, 150] or it is added afterwards [147, 148, 151]. In our
experiments, 60 % MeOH containing 0.25 % NH4OH was found to be most appropriate
(Article 16). For the purification of crude extracts containing MIAs, a mixed-mode solid
phase extraction (SPE) sorbent, Bond Elut Plexa PCX, with cation-exchange properties
was used to effectively retain MIAs on the sorbent, while substances with acidic
properties and neutral substances were removed from the sample matrix. Using the
extraction and preconcentration procedure described in Article 16, the recoveries of

monitored alkaloids from the PCX sorbent ranged from 51.1 % to 87.7 % (harmine).

Methods for quantitative analysis of indole alkaloids

Several chromatographic methods are suitable for the qualitative or quantitative analysis
of MIAs. LC has been performed in a HPLC [152,153] or high-performance thin layer
chromatography (HPTLC) mode [154,155]. Among LC-based methods, LC-UV is the
simplest and most feasible way for detecting indole derivatives since they exhibit
absorption in the range 200-400 nm, showing two to four absorption bands depending on

the substituent of the indole ring [156] - Table 3.

Table 3. UV maxima for selected indole alkaloids.

Compound Amax (Nm)
harmine 241, 301, 336
harmaline 218, 260, 344, 376
ajmalicine 226,291
yohimbine 226,291

Another option is the derivatisation of MIAs to incorporate a fluorescent centre into the
molecule that can be used for its detection. For example, derivatisation with acetic acid
anhydride leading to the formation of acetoxy derivatives with fluorescent properties has
been reported for f-carbolines (harman, harmol and their nor-counterparts) [157]. In the
last decade, the LC-MS approach has been the predominant technique for the detection of
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indole derivatives [154,158-161]. It offers many advantages for the analysis of these types
of compounds, mainly speed and sufficient sensitivity.

A GC-MS approach has also been used for the analysis of 1As, either after derivatisation
using pentafluorobenzyl derivatives [156] or without a derivatisation step [153].

Several methods have also been developed for the analysis of MIAs based on CE or
micellar electrokinetic chromatography (MEKC) separation with UV or MS detection
[162-165]. Moreover, direct analysis in real time coupled to mass spectrometry (DART-
MS) has been successfully applied to monitor the distribution of MIAs in plant tissue
[166,167]. DART is a plasma-based ambient ionisation technique that enables the rapid
ionisation of small molecules with high sample throughput. Its coupling to MS could
potentially be a sensitive tool for the analysis of small molecules (LOD < pmol), with
acquisition times of up to 60 s.

Among electrochemical methods, voltammetry has been used for the analysis of
ajmalicine [168]. The procedure involved a glassy carbon electrode modified with gold
nanoparticles (GCE/AuNPs). Under the experimental conditions, ajmalicine provided a
well-defined oxidation peak at a potential of +0.8 V vs. Ag/AgCl. The method showed a
dynamic range for concentrations from 5 to 50 pM with a LOD of 1.7 uM. The authors
reported that the effect of possible interferents (yohimbine, reserpine) appeared to be
negligible. Further, a boron-doped diamond electrode has been used for the
determination of harmaline in natural food products [169]. Under optimised
experimental conditions, a LOD of 0.2 uM was obtained.

In our work, a fast, reliable and robust method of determination of four selected alkaloids
with an indole skeleton, i.e, harmine, harmaline, yohimbine and ajmalicine, based on
UHPLC-MS-MS was developed. Details of the method are described in Article 16. The
method was shown to be suitable for fast screening of the mentioned compounds in plant
tissue extracts as well as natural foodstuffs and beverages (often associated with
fermentation processes, such as in the production of wines, beer, soya bean products and
vinegar [170]). For LC separation of the four MIAs of interest, two RP columns were
tested: a UHPLC column with a sorbent containing a phenyl-hexyl group that was
designed for selective retention of polyaromatic compounds through n-r interactions
(Acquity UPLC® CSH™ Phenyl-Hexyl, 2.1 x 50 mm, 1.7 um; Waters, Ireland) and a UHPLC
column with Cis particles made by technology offering a superior peak shape for basic

compounds under weak ionic strength mobile-phase conditions (Acquity UPLC® CSH™,
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2.1 x 50 mm, 1.7 um; Waters, Ireland). A critical pair of compounds for separation were
harmine and harmaline, as they differ by only one double bond (see Fig. 20). The phenyl-
hexyl CSH column offered better resolution of this pair and was used for further
experiments to examine the influence of the mobile phase pH and composition. The best
ionisation efficiency was obtained when using ACN and 10 mM ammonium acetate (AA)
as mobile phase components. Because of the high pKa of harmaline (9.55 - see above), it
was necessary to keep the pH of 10 mM AA above this value to ensure an acceptable peak
symmetry. Indeed, the best peak symmetry was achieved when using 10 mM AA adjusted
to pH 10.0 (Article 16). The other three studied substances also showed satisfactory peak

shapes under these conditions - Fig. 21.
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Figure 21. UHPLC-MS/MS chromatogram of a four-indole-alkaloid standard mixture on an Acquity UPLC®
CSH ™ Phenyl-Hexyl column using acetonitrile and 10 mM ammonium acetate; pH 10.0.

Detection of the analytes was performed using (+)ESI-MS in the MRM mode. The lowest
LOD/LOQ was found for yohimbine (0.01/0.05 pg), whereas the most basic harmaline
showed the highest values (0.31/1.04 pg). A comparison of the newly developed method
parameters with those published earlier, mainly the LOD and amount of tissue needed for

analysis, is provided in Table 4.
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Table 4. Comparison of different methods used for the determination of indole alkaloids.

Instrumental Amount of . A . Capacity of the
method tissue Type of tissue Limit of detection =~ Reference method
UHPLC-(+)ESI- method
MS/MS 5mg whole plant 0.01-0.31 pg presented 4 1As
HPLC-UV n.a. whole plant 0.77-56 mg-g-1 [138] 2 1As
HPLC-UV 0.1g roots 6-8 pg-ml-1 [152] 31As
HPTLC n.a. seeds n.a. [171] 4 1As
HPLC-UV 1lg seeds 0.01-0.05 pg'ml-! [172] 2 1As
HPLC-UV n.a. cell culture n.a. [173] 22 1As
UPLC/IM- .
QTOF-MS * 01g yohimbe bark n.a. [149] 55 1As
MEKC-UV/LIF n.a. none n.a. [163] 6 1As
HPLC-(+)ESI-
QTOF-MS/MS 50g roots n.a. [146] 47 1As
HPLC-UV-MS 0.5g aphrodisiac 3-60 ng-ml-! [174] 11A
products
HPLC-UV 2g roots 0.05-0.39 pg-ml-1 [153] 51As
HPLC-UV 5g roots n.a. [175] 6 1As

*ultra-performance liquid chromatography/ion mobility quadrupole time-of-flight mass spectrometry; LIF, laser-
induced fluorescence; IAs, indole alkaloids; n.a., not available.

The applicability of the method was demonstrated for tobacco and Tribulus terrestris
plant tissue, seeds of Peganum harmala and extract from the bark of the African tree
Pausinystalia johimbe. The experimentally obtained data on the occurrence of individual
alkaloids in each tissue agreed with the available literature, except for the presence of
ajmalicine and yohimbine in Tribulus terrestris, which was detected in this plant species
for the first time.

Furthermore, although there are no reports indicating that MIAs are present in tobacco
Nicotiana tabacum, the newly developed UHPLC-MS/MS method detected these
substances in this plant. In the experiment, 30-day-old tobacco plants were divided into
ten parts - leaves at different developmental stages, roots, stem and flowers (Fig. 22).
Analysis of the individual tissue types revealed that the highest content was that of

yohimbine, representing 89.6 % of the total amount of all four detected [As (Fig. 22).
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Figure 22. Left - 30-day-old tobacco plant Nicotiana tabacum cv. Petit Havana SR1, wild type. Scheme of
division into individual parts according to type and age of tissue before extraction and analysis by LC-MS/MS.
Right - distribution of individual indole alkaloids in 30-day-old Nicotiana tabacum plants. The data represent
the mean of three independent determinations.

The analysis of tobacco showed that this plant species has biosynthetic apparatus capable
of synthesizing IAs de novo. This was the second new finding related to MIAs that had not
previously been published. It is interesting, especially as several studies have described
the inhibition of MAO activity in tobacco smokers [176,177]. Exposure to cigarette smoke
or saliva from smokers was shown to inhibit MAO in different tissue preparations
[178,179]. The authors suggested that MAO inhibition is likely due to the direct action of
inhaled smoke [180]. According to the results related to the above-described endogenous
levels of MIAs, it can be hypothesised that MIAs in inhaled smoke from tobacco products
might participate in the observed inhibition of MAO activity.
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IT.III. ROLE OF THE MATRIX IN TRACE ANALYSIS OF
SAMPLES OF BIOLOGICAL ORIGIN

As mentioned above, the composition of the matrix of biological samples plays an
extremely important role influencing the success of detection of trace substances. For
plant samples, it is also important to consider both the plant species and type of tissue
being analysed. Indeed, different plant species can have a significantly different matrix
composition (different ratios of interferents such as lipids, saccharides, etc.). In the same
plant species, different tissues may also have a different matrix composition, e.g., shoot
tissues vs. roots. Hence, it is important to optimise each preconcentration procedure for a
given plant species and modify it when analysing another plant species. As part of these
optimisation steps, it is necessary to include an experiment to optimise the sample tissue
size vs. response of endogenous substances and internal standards. Without their use,
trace analysis does not provide reliable and accurate results, even when using the most
modern analytical devices. The factor that mathematically describes the effect of the
biological matrix on the determination of analytes is called the matrix effect (ME). In MS
analysis, it causes changes in the ionisation efficiency of the analyte in the ion source due
to the presence of interfering substances originating from the biological matrix of the
sample [181]. ME manifests as the detection of lower amounts of analytes than is actually
the case, which significantly affects the results of quantitative analysis. Therefore, in the
case of plant hormones, as well as other substances occurring in trace quantities in plant
tissue, a key step in sample preparation is optimizing the weight of biological material
(plant tissue) needed for the quantification of these substances. The aim is to determine
the amount of tissue that produces the maximal response of individual analytes in the LC-
MS analysis. Figure 23 shows how the situation may vary even for two analytes from the
same plant hormone family (GAs). For instance, in 2 mg of tissue, some GAs show a
relatively high response (GA19, Fig. 23A), whereas others are close to the LOQ (GAz29, Fig.
23B). This figure also demonstrates the significant influence of the tissue water content,
i.e., whether the plant material is extracted as fresh (FW) or dry weight (DW; freeze-
dried). The internal standard recovery is more affected for the DW than for the FW (Fig.
23 C, D).
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Figure 23. Demonstration of the matrix effect - dependence of the endogenous hormone response (A, B) and
recovery of deuterium-labelled gibberellin internal standards on the amount of biological tissue (30-day-old

Arabidopsis thaliana, ecotype Colombia) - C, D. The data/error bars represent the mean/standard deviation
of three independent determinations.

A similar situation can be observed for selected BRs (Figure 24) or MIAs (Figure 25). For
BRs appearing at the level of fmol-g! in vegetative tissue, it was found that extraction
using the DW was better than using the FW because the low quantities of BRs were
significantly “diluted” by a high content of water and appeared close to the LOQ (Fig. 24
A, B). On the other hand, the amount of DW should be in the range of 2-5 mg to ensure an

acceptable internal standard recovery (Fig. 24 C, D). Only in that case is the final

. A .
concentration of hormone close to the correct value (response R = A—e - c;s where Ae is a
1

peak area of endogenous substance, Ass is a peak area of internal standard, and cis is a

concentration of internal standard).
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Figure 24. Demonstration of the matrix effect - dependence of the endogenous hormone content (A, B) and
recovery of deuterium-labelled brassinosteroid internal standards on the amount of biological tissue (30-day-

old Arabidopsis thaliana, ecotype Colombia) - C, D. The data/error bars represent the mean/standard
deviation of three independent determinations.

MIAs occur in plant tissue at far higher concentrations than those of plant hormones.
Some of them have been found at levels of pmol-g1 (Fig. 25 A), whereas others were at
nmol-g-1 (Fig. 25 B). Harmine was detected in yohimbe bark tissue but at levels about fifty
times lower than those of ajmalicine, and therefore are not shown. Harmaline was not
detected in this type of tissue. As evident from Fig. 25 A, B, the optimal DW for extraction
determined to be about 5 mg to ensure that the recovery of the internal standard was not

significantly affected by the sample matrix and the levels of endogenous substances were

acceptable.
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Figure 25. Demonstration of the matrix effect - dependence of the endogenous indole alkaloid content (A, B)
and recovery of methyl-13C, Ds-yohimbine internal standard (C) from biological tissue (yohimbe bark). The
data/error bars represent the mean/standard deviation of six independent determinations.

The above examples clearly show that the slogan "more sample, greater chance of

successful detection" does not apply in trace analysis.
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ITTI.CONCLUSIONS AND OUTLOOK

The sample preparation and trace analysis of natural signalling molecules are
challenging because of their wide variety of chemical properties and very different
biological roles in the tissues of origin. Among the instrumental analytical techniques
used in this research area, LC-MS has become the most versatile, rapid and sensitive
technique for the detection of these small molecules in the last two decades. The LC-
MS methodologies presented in this thesis represent an improvement or extension to
previously established methods or the development of completely new methods.
Emphasis is placed on the most efficient method for preconcentration of low-
abundance analytes from a complex biological matrix, the high throughput capabilities
of the procedure and highly accurate quantification using the isotope dilution method.
The approaches presented in this thesis could serve as powerful tools in biological and
biochemical studies to elucidate the biosynthesis and metabolism of the mentioned
substances and their mechanisms of action. Some of the methods have been designed

for applications in food quality control.
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Abstract As a result of the findings of scientists working on the biosynthesis and metabolism of
steroids in the plant and animal kingdoms over the past five decades, it has become apparent that
those compounds that naturally occur in animals can also be found as natural constituents of plants
and vice versa, ie., they have essentially the same fate in the majority of living organisms. This review
summarizes the current state of knowledge on the occurrence of animal steroid hormones in the
plant kingdom, particularly focusing on progesterone, testosterone, androstadienedione (boldione),
androstenedione, and estrogens.

Keywords: natural sterols; plants; animals; steroid hormones; estrogens; progesterone; testosterone;

beoldenone; boldione; androstenedione

L Introduction

The plant and animal kingdoms are not two completely separate worlds coexisting on this planet,
but, on the contrary, they are two worlds whose evolution has taken place simultaneously, hand in hand
witheach other. It is therefore mome than obvious that some substances being synthesized in nature for
a particular purpose can oocur in both plant and animal organisms. Certain compounds that regulate
growth and development in plants may also control cellular growth and differentiation processes
in animals, and vice versa. An example of such compounds may be sterols, i.e., steroid aleohols.
These tetracyclic substances belong to isoprenoids, a large group of naturally ooccurring compounds
formed in a cell by combining six units derived from the five-carbon molecule dimethylallyl diphosphate
({DMAPT) and its isomer isopenteny] diphosphate (IPF) [1]. It is worth mentioning that sterols can be
found in all eukaryotes (plants as well as animals), whene they play many irreplaceable roles, including
maintaining membrane semi-permeability, regulating their fluidity, serving as biosynthetic precursors
for steroid hormones, and acting as important signaling molecules [1-4]. A typical representative of a
natural sterol produced by both plant and animal cells is cholesterol (Figure 1).
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Figure L A simphified bicsynthetic scheme for selected natural sterols [5-8]).

This Cx sterol serves as a precursor of steroid plant signaling molecules (brassinostercids,
phytoecdysteroids) [1] aswell as androgen- and estrogen-type sex hormones in animals [9]. When looking
for the plant/animal origin of the latter hormone group, it seems that estrogens were first discovered
in plants (in 1926) when Austrian medical doctor Otfried Otto Fellner, known today as a pioneer in
gonadal endocrinology, was able to demonstrate estrogenic activity in oatmeal and rice [10]. At the same
time, Dohm, together with Faure, Poll, and Blotevogel, at the Anatomical Institute in Hamburg showed
estrogenic activity also in other plant spedes including sugar beet and potato, as well as in yveast [11].
Steroid hormones with estrogenic adtivity were detected in the animal kingdom {in humans) about three
years later by Butenandt and Doisy [12,13]. One may ask the question here if the chicken or the egg comes
first, i, if chemical messengers, hormones, originate from plants or animals, regardless of the order in
which they were discovered. Interestingly, some findings on the evolution of the neuroendocrine sy stem
in animals suggest that the hormones regulating morphogenesis and reproduction in invertebrate
animals have their phylogenetic origin in more primitive multicellular organisms [14].
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A recent topic of often heated discussion is the presence of the steroid hormones progesterone,
testosterone and their derivatives in human diets of plant as well as animal origin. The reason for
this is that a majority of these substances (except progesterone) ame listed on the annually updated
Prohibited list of The World Anti-Doping A gency (WADA) in the category of anabolic agents (51) [15]
Therefore, their levels are monitored in the biological fluids of athletes and in the preparations they
consume. Besides their presence in the WADA list, all the above mentioned steroids are also prohibited
substances that cannot be contained in food products in European countries (according to Regulation
{EC) No. 1782002 of the Furopean Parliament laying down the general principles and requirements of
food legislation, and procedures in matters of food safety). However, the legislation does not specify for
each prohibited substance at what concentration it is possibly harmful to human health, although since
the sixteenth century we know, thanks to Paracelsus (1453 to 1541), that “the dose makes the poison”™
{Sola dosis facit venenum in Latin}, i.e., a substance can cause the harmful effect associated with its
tomcic properties only if it reaches a biological system in a suffidently high concentration. Therefore,
regardless of their endogenous origin, once they are defected in any food product (vegetable, fruit,
herb, meat) in any concentration, the seller is sanctioned for breaking the existing legislation and the
food/nutritional supplement is withdrawn from sale.

The aim of this articke is to point out that, in addition to well-known animal resources, steroids
are also natural and integral components of plants, wheme they are synthesized de novo as chemical
messengers for cell-cell communication, required for the regulation of physiological processes related to
growth, development, and reproduction [16-1%]. For this reason, it is therefore evident that sternids can
be detected in plant-derived animal feed as well as in human phytosterclrich food, and consequently
in products of their secretion. This is very important information, especially for health authorities.

1. Biosynthesis of Plant Sterols with Respect to Steroid Hormone Formation

As mentioned in the Introduction, plant sterols (phytosterols) are a very important family of natural
substances that have many biclogical functions in plants. It has also been known since the 1950s that they
are very beneficial for humans as dietary phytosterols are able to lower levels of serum chole sterol via the
inhibition of its absorption and the compensatory stimulation of its synthesis, when consumed at intake
levels over 1 g per day [20-22]. Phytosterols may also act as precursors for the de novo biosy nthesis of
steroid hormones. In general, sterols are tetracy clic Cy terpenoid (isoprenoid) substances belonging to
a group of triterpencids [23], formed by the condensations of basic five-carbon (Cs) building units of
isoprens in the form of isopentenyl diphosphate (IPF) and dimethylallyl diphosphate (DMATPF) [1].
In higher plants, two pathways coexist to produce terpenoids—the mevalonate pathway (MVA) and
the 1-deowy-p-xylulose 5-phosphate pathway (DOXF), both named according to the first interme diate
formed [1] DXOXT is also called the 2C-methyl-p-erythritol 4 phosphate pathway (MEP) after the
DOXF reduction/isomerization product in this pathway. To our current knowledge, MVA operates
in the cytosol of plant cells, while the MEP pathway takes place in plastids in most eukaryotic
photosynthetic organisms, but not in animals [24]. In the case of phy tosterols, it has been shown that
their skeleton is derived from IPP made up exclusively from acetate units via MVA in the cytosol [8,25]
The plant sterol pathway consists of a sequence of more than 30 enzy me-catalyzed steps, all of which
ame located in plant membranes [26,27]. The key essential intermediate in plant sterol biosynthesis
is the linear Cap hydrocarbon squalene, which directly undergoes a cyclization to yield the Cap A%
sterol cycloartenol in photosynthetic plants [15]. Fungi without photosynthetic apparatus convert
squalene into lanosterol and finally ergosterol [7]. Subsequent alkylation reactions of cycloarienol in
photosynthetic plants kead to the synthesis of the first phytosterols (A5 sterols) such as cholesteral (Cy),
campesterol (Cg, ie., 24-methy] AF sterol), and sitosterol (Cyg, e, Iethyl AP steral) [22] {see Figure 1)
These phytosterols ame starting points for the bicsynthesis of the plant steroid signaling molecules
phvtoecdysteroids and the plant steroid hormones brassinosteroids [1], as well as progesterone,
testosterone and its derivatives.
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3. Progesterone

Progesterone (PRG; Figure 2) has been described for decades predominantly, as a mammalian
gonadal hormone. [ts presence in plants was reported for the first ime in 1964 [28], but this finding
has been questioned for many years, with claims that the methods by which it was detecied in plants
wemne non-specific and cannot be trusted [29].

A stercls, sﬁgmardarnl

P

pregn-S-ene-3 20-dicne PrOgEslerong
(pragn-4-ana-3,20-dione)

Figune L The scheme of progesterons biogy nthesis in higher planits,

At that time, thin-layer chromatography, gas chromatography, or immunocassays, were commeanly
used methods for the detection of natural substances in biological matrices with none or an insufficient
sample purification of the crude extract [28,30,31]. However, later, with the gradual introduction of
maodern analytical instrumental methods (mass spectrometry), it was shown conclusively that FRG
is definitely naturally present in plants [25,32,33], where it serves as a precursor in the biosynthesis
of androstanes and estranes [33.34). Numerous studies with *H and 1*C-labelled precursors showed
that sitosterol, a predominant sterol in higher plants, and the less abundant sterol cholesterol can
serve as precursors of PRG in plants [35-38] (see Figure 2). There are also some studies that
suggest that the precursor of PRG could be campesterol and stigmasterol (Cyg, ie., 24ethyl AR
sterol), as has been well reviewed by Janecko [19]. There is a relatively poor understanding of
the biological importance/physiclogical functions of FRG in plants. The majority of studies have
been conducted by exogenously applying PRG to various plant systems, i.e, either seedlings or
plant cell cultures of various plant species. Experiments of this design suggest that this substance
has a certain regulatory activity in plant growth and development, influencing both vegetative
and reproductive development For instance, shoot and root growth of the common model plant
Arabidopsis thaliana [29] and of sunflower [39] wene demonstrated to be influenced by PRG in a
dose-dependent manner. The acceleration of flowering was observed in A. thaliana and wheat exposed
to micromolar concentrations of PRG [40,41]. The involvement of PRG in reproduction processes in
plants has been further indicated by the PRG stimulation of tube growth of mature tobacoo pollen [42],
and by increasing levels of endogenous PRO during the germination of kiwifruit pollen [£3]. It is
worth mentioning that the authors of that study observed detectable levels of endogenous PRG and
17 f-estradiol (member of the estrogen-type sex hormone family) in ungerminated kiwifruit pollen, but
could not detect endogenous testosterone, while during germination (tube organization phase and
subsequent elongation), the levels of PRG and 17 f-estradiol dramatically increased and testosterone
levels comparable with those of FRG wene detected. The studies mentioned above are examples of a
number of studies documenting the natural occurnence and function of these steroid substances in plants.
It is, however, important to note that from the perspective of plant phy siology, these compounds are not
considered plant hormones by the plant science community According to the accepted definition, for
a substance to be included in the list of plant hormones, it must meet three fundamental criteria: 1. the
protein-receptor for its perception must be known, 2. the compound should be omnipresent in the plant
kingdom, and 3. the compound should influence physiclogical processes at a low concentration [44].
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Some recent molecular studies dealing with steroid perception in plant cells revealed the presence of a
plant membrane-localized steroid binding protein in Arabidopsis that can bind to multiple steroid
maolecules with different affinities, but the highest affinity was to FRG [45]. It was further shown that
this protein negatively regulates cell elongation (transgenic plants overexpressing this gene have a
short hypocotyl) and stimulates root gravitropism [46] The gene for a similar binding protein from rice
{Oryza sativa L.) was later cloned and its abundant expression described [29]. Using radicligand binding
analysis, specific binding sites for PRG have been located within the cytoplasm and el membrane
of wheat [47]. A relatively widespread occurrenae of PRG, together with estrogens and androgens,
was demonstrated by Simon and Grinwich [31], who screened 128 plant species from over 50 families
by radicimmuncassay. They found that PRG was present in about 80% of investigated species,
testosterone and its derfvatives in about 70% of species, and estrogens (estrone and 17 f-estradiol) in
about 50% of species. Interestingly, androgens (festosterone and dihydrotestosterone) were detected in
the seeds of all spedies tested. The mass spectrometry-based eports of lino et al [29] and Simersky
et al [33] provided evidence that PRG, testosterone, and its derivatives are present in plant tissues
in very low concentrations {pg-g'] fresh weight, FW; Table 1). Thus, it may be, therefore, that all
three fundamental criteria for PRG to be considered as plant hormone are, to some extent, fulfilled.
Mevertheless, additional studies, including the application of PRG biosynthesis inhibitors and mutants
with impaired PRG biosynthesis, are needed to understand mome deeply the role of PRG and its
mechanism of action in planta.

Table 1 The resulls of quantitative analysis of selected skeroids n plant material.

Mal.
Seerold szsﬂ PD:::L. w.-jdrl Amonnt Oirigin Ref.
(gmal-?)
PrOgEsorone BLERD  CuH 0. 54 w08 pgg! . Finusmigra 144]
A le0ngg " 31 plant species 131]
61540 ngkg ! #plant specics 129
114158 ugg ! Pinus taaia 122
LBE IR Tt b e e e 133]
FAngg Nicatisns tabacam 133
188 ngg ! Digitalis purpures 133
UJ.G-lS.S‘&Inp;—,q"' Tribdusterrestis Tarkowski, unpublished
stostoran: BYD  CpHuy  mmd 08 g Binus silnestris T
009 ugkg ! wheat 1501
005 pgkg! v ol 15
0 pgkg ! safflower all 150]
[T 0 T ) np;-lq"' Tributus terrestris Tarkowskl, mtplblls.lml
androsts- 14 diere- BT Oy b2 i) mh.]u-nu.hn.i Pinus kalpemss 1511
A7 dices (boldiore) Lll,-l'.?]:-g-g' a Tributus terestris Tarkowskl, mtplblls.lml
androst dene-317-diore 61058 Cplxls 3441 L5 g Binus sibnestris 1451
oS pgg! Finus migra 148]
s g Finus migra 1521
P potato L]
Ld8ngg ! whiat 150]
2Mngg ! Nicatizns tebacum 1331
1Mngg Tl kel emineme 133
[aTa T np;-lq"' Tribulus terrestris Tarkowskl, mtplbl.l:}u-.l
estone 831167 CrgHay masw 25 4% pgh]cg" o granak: 53]
LREL L pﬁ-,ﬁ* Haphams thebaics I54]
L el corm ol 1541
AT pgeg | (hexs easropes: 1551
B ANingg " 20 plant spockes [31]
178-esmadual SM1E2 CpHuly 723 2lougkg ! Phasenlus rulgeris 121

4. Testosterone

If there is some meluctance to admit that steroid hormones occur in higher plants, then it is
especially true for testosterone (4-androsten-17 f-ol-3-one; TS; Figure 3) and its derivatives. Usually it
is because people associate the effects of steroid hormones with the endocrinology of animals.
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Figure 3. The structumes of estosterone and structurally related andrestanes.

T5 together with epitestosterone (4-androsten-I7 a-ol-3-one) and androstenedione (4 androsten-
3,17-dione) was isolated for the first time from plant sources by Saden-Krehula et al. in 1971 [49].
The authors used pollen from Scotch pine Pinis sifvestris and later showed the presence of all these
substances as well as PRG in the pollen of Pinus migra [45]. It was confirmed that Pinus species are a
rich source of testosterone since it was further detected in P! fabulaefor mis and P. bungeans and in the
reproductive organs of other plant species, including ginkgo (Ginkgo bilobe) and lily (Lilium devidii) [57].
Although our knowledge of the distribution of TS in plants is still fragmentary, and scientific studies
dealing with its isolation and/or determination from plant sources are published very rarely, some
traceable information in the literatume indicates that TS and dihydrotestosterone occur in twenty plant
species, including maize, barley, and rhubarb [31] Furthermore, Hartman et al. described the natural
occurence of steroid hormones in food, demonstrating the presence of TS in potatoes, soybeans, haricot
beans, and wheat, where its levels ranged between 0.02 and 0.2 pgkg™! [50] (Table 1). The authors
reported that this androgen also occurs in native oils used in human nutrition, such as olive oil, com oil,
and oil made from safflower (Carthamus tinctorius) seeds. Interestingly, safflower oil has been shown to
lower lipids and lipoproteins in human serum due to its high content of linoleic acid (73% to 77%) [58].
which belongs to the highly important omega-6 unsaturated fatty acids group and is an essential
fatty acid in the human diet Linoleic acid is also known as vitamin F. Safflower is also valuable for
beekeepers as a melliferous plant with a high nectar content in late summer as well as being a promising
source for bindiesel production, ie., one of the renewable energy sounces [55]. The phytosterol content
of safflower is melatively high, ranging between 2000 and 4500 pg—g" in seeds, in which B-sitosterol
accounts for the largest percentage (30% to 70%) of the total phytosterol content [60].

From a binchemical stand point, the biosynthesis and biological function of TS in plants seem
to be similar to those in animals [16,61,62]. This Cyo steroid is formed via the MVA pathway in
the cytosol of plant cells from cholesterol by the sequential action of multiple enzy matic reactions.
These reactions include the side chain cleavage of cholesterol to the Cyy steroid pregnenolone, followed
by a transformation into androstenedione and finally into TS (Figure 4). The latter ensymatic step
was confirmed by feeding experiments with B androstenedione, which was converted to TS in pea
and cucumber seedlings and in cultured cells of Nicotiana tabacum [53-65]. In contrast to the animal
kingdom, where TS and other androgen substances act only as sex hormones, it has been shown in
plants that they affect not only their reproductive development (especially flowering and floral sex
determination), but also vegetative development [17,18].
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Figure 4 A simplified biosynthetic pathway of testosterone in plants.
5. Boldenone, Boldione, and Other Testosterone Derivatives

Boldenone (Bol) is the trivial name for 1-dehydroestosterone or androsta-1,4-diene-17 -ol-3-one
(Figure 3). Androsta-1,4-diene-3,17-dione (ADD) and androst-4-ene-3,17-dione (AED) are closely
related metabolites—Figure 3. ADD (androstadienedione) is recognized as a Bol precursor in various
animal species including humans and is trivially named as boldione, whereas AED is considered as a
TS precursor [66] and can be found in the literature often as androstenedione rather than its full name
or AED. Both Bol and boldione are prohibited anabolic steroids in European Union Member States.
As in the case of estrogens, PRG and TS, there are still discussions about whether these substances are
detected in surveillance laboratories as a result of illegal direct administration or whether they are of
endogenous origin. These discussions concern both animal and human samples as well as plant-based
food supplements, in which their positive detection attracts special attention. In the vast majority of
cases, a positive sample of a nutritional supplement is considered to be harmful to health because it is
assumed to be deliberately enriched with a forbidden anabolic steroid. There are, however, scientific
studies that admit that both weak androgenic substances of interest (Bol and boldione) can be formed
endogenously from phytosterols and may thus occur naturally in plants [67]. If we look for plant
sources where either ADD and/or AED was detected, we find that AED was determined in pine pollen
of P sydvesiris (0.59 ug-g ") and Pinus nigra (0.08 ug-g~*), using various analytical methods, as far back as
in 1971, 1979, and 1983 [48,49,52]. Later, in 1998 relatively significant amounts of AED were quantified
in the important foodstuffs — wheat (0.48 ng-g~") and potato (0.05 ng-g~!) [50]. Quantitation data are
summarized in Table 1. Trace quantities were further observed in soybeans, haricot beans, mushrooms,
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olive oil, and safflower cil, as well as in wine and beer With increasing sensitivity, ie., the ability
to reach lower limits of detection (LODYlimits of quantitation (LOQ), AED was determined in other
plant species such as tobacco (Nicotiama tabacuni; 2.20 rl.g-g'l FW) and the native European herb
elecampane (Inula heleium; 3.20 ng-g~! FW) [32]. AED and ADD together with PRG and TS were
unequivocally detected in the annual creeping herbaceous plant Tribulus ferrestris by very sensitive and
precise analysis based on ultra-high performance liquid chromatography—tandem mass spectrometry
(Tarkowska, unpublished). T. terrestris is widespread globally and it is used in folk medicine, mainly
for the treatment of cardiovascular and eye diseases and for high blood pressure. In Europe and
the USA, food supplements containing T. ferrestris extracts are on sale as regenerative/adaptogenic
agents similar to ashwagandha (indian ginseng; Whitania somnifera) or ginseng (Pamax ginseng) [62]
The highest concentrations of the four investigated steroids in T. terrestris were found for PRG, with
levels in plant fissues ranging from 0L01 to 0.015 ug-g'l of dry weight TS5 and AED wem present at
approximately the same level and reached about 0.25% of FRG levels. AED levels were an order of
magnitude lower than TS levels. The lowest levels were found for ADD, which generally was present
at one tenth to one hundredth of the concentration found for AED (Table 1). Recently, phytochemical
analysis of the crude extracts isclated from Pinus halepsis needles revealed the presence of ADD [51]
Thus, taking into account all the above-mentioned facts, it is clear that these androgen substances,
which were assumed to be animal-derived, may also have a plant origin.

The effect of androgens on physiological processes has been best investigated in humans and
other animals. To investigate their functions in plants, similar experimental designs have been applied
to several plant species. Plant growth was affected in Arabidopsis and winter wheat (Triticum acstiount),
wheme the TS precursor AED stimulated the proliferation of callus tissue and promoted the germination
and growth of immature embryos, respectively [6970]. However, it is unfortunate that these data are
difficult for the general scentific community to access. There is also evidence that AED can influence
developmental processes associated with plant reproduction, such as flowering, In some plant species
{Arabidopsis, wheat), AED treatment caused a significant increase in the percentage of plants reaching
the reproductive stage [4(,41]. Experiments examining the metabolism of androgens in higher plants
{pea and cucumber) showed that 1C-labeled AED added to leaves was transformed to TS [63,64]
These results are in agreement with those found in animal cells. Therefore, it seems that plant cells
might have a similar enzymatic apparatus for the biosynthesis and metabolism of androgen substances
as that of animal cells.

6. Estrogens
Estrogens (Figure 5) belong to steroid-type substances commonly referred to as animal sex

hormones since they are produced by ovaries in adult females of higher vertebrates, in which they are
responsible for the development and regulation of the female reproductive system.
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Figure 5 The structures of selected estrogens,
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However, the observation of estrogenic activity was first made in plant extracts (late 1920s)
even before structure elucidation of the endogenous animal estrogens [11,71]. Estrogenically active
substanoes were subsequently isolated in crystalline form from palm kemels [72] and willow cathkins [73]
Various authors later confirmed the presence of steroidal estrogens in many plant species induding
date palm, bean, pomegranate, and the species of the Prunns genus [53,56,74-78] Although numerous
authors have described the presence of steroidal estrogens as well as their biosynthetic pathway, some
authors have, historically, disputed their presence in plants [7%,80]. Nevertheless, in 2001, estrogen
receptor-like proteins were isolated from various plant organs and shown to be localized in the
nucleus [#1]. Furthermore, there are certain indications that steroidal estrogens affect growth and
reproduction in plants [14,18]. For instance, they have been shown to stimulate embryo and seedling
growth in pea [62.83] sunflower [39], and tomato [84]. Analogously to their reproductive function in
animal kingdom, stercidal estrogens were reported to also influence plant reproductive development
such as flowering and sex determination of flowers. Already in 1937, Chouard demonstrated the
flower promoting effect of estrogens by watering the plants of Callistephius sinenss with 17 f-estradiol
{Figure 5) solution [85]. Later, the induction of flowering by estrogens was achieved also invery diverse
plants growing under non-inductive conditions. In commen chicory Cichorium intybus, the inductive
cold period could be substituted by 17 f-estradiol or estrone (Figure 5) treatment [#6]. Similarly,
the flowering of scarlet sage Safvia splendens, which is naturally initiated under long day conditions,
was induced by 17 f-estradicl and by unidentified estrogen-like substance isolated from flowering
Salvig plants under short day conditions [£7]. According to some scientific reports, the application
of estrogens can considerably affect sex determination of flowers of plants that have both male and
fermale flowers, i.e, dicecious plants. The ratio of female to male flowers was significantly affected by
the application of estrogens (estrone, estriol, 17 f-estradiol) when the percentage of female flowers
increased by 66% in Echallium dateriim L. while the total number of flowers was enhanced by 15%
to 35%. [88]. 17B-estradiol can be used to modulate the development of flowers to male or female,
which has been shown in cucumber Cucuniis saiivus. The treatment of cucumber plants with 0.1 mg of
17B-estradiol induced a formation of an increased number of female flowers by about 20%, [89].

Considering the above-mentioned findings, it is not surprising that the levels of endogenous
stercidal estrogens ane highest in reproductive parts of the plant, such as flowers, pollen grains, fruits,
and seeds, wheneas vegetative organs (siem, leaves, roots) are poorer sources of these substances [14]
As mentioned above, estrogens were detected in 50% of 128 species screened [31] so they can be
considered as widespread naturally occurring substances—see Table 1.

Regarding their formation in cells of higher plants, it is assumed that the precursor of steroidal
estrogens is cholestero] formed via the MVA pathway, Le., the biosynthetic pathway of estrogens in
plants is similar to that known in animals [16]. This hy pothesis has been supported by experiments
with radiolabeled precursors, from which it was cbserved that 17 f-estradicl was formed from [2-14C]
mevalonic acid in bean seedlings [56]. The same authors demonstrated the conversion of estrone to
17B-estradiol in the same plant species [#]. They proposed that enzymes capable of this corversion
wemne located in leaf tissue.

7. Conclusions

The data discussed in this review provide evidence of the ability of plants to convert sterols into
steroid hormones. This applies both to the plant steroid hormones brassinosteroids, as well as to other
steroid substances, such as phy toecdysteroids, estrogens, progesterone, and androgenic substances of
the testosterone type, including testosterone precursors and derivatives. Although it was reported
here that all classes of animal steroids have been found in plants, this does not necessarily mean they
are hormonally active.
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Abstract Plant hormones act as chemical messengers in
the regulation of mynads of physiological processes that
occur in plants. To date, nine groups of plant hormones
have been identified and more will probably be discovered.
Furthermore, members of each group may participate in the
regulation of physiclogical responses in plania both alone
and in concert with members of cither the same group or
other groups. The ideal way to study biochemical processes
involving these signalling molecules is *hormone profiling”,
i.e. quantification of not only the hormones themselves, but
also their biosynthetic precursors and metabolites in plant
tissues. However, this is highly challenging since trace
amounts of all of these substances are present in highly
complex plant matrices. Here, we review advances, current
trends and future perspectives in the analysis of all cur-
rently known plant hormones and the associated problems
of extracting them from plant tissues and separating them
from the numerous potentially interfering compounds.

Keywords  Plant hormones - Extraction - Isolation -
Mass spectrometry - Liquid chromatography - Gas
chromatography
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Abbreviations

ABA Abscisic acid

ACC 1-Aminocyclopropane- | -carboxylic
acid

BRs Brassinosteroids

CE Capillary electrophoresis

CKs Cytokinins

GAs Gibberellins

GC-MS Gas chromatography-mass
spectrometry

HPLC High performance liquid
chromatography

IAA Indole-3-acetic acid

JA Jasmonic acid

JAs Jasmonates

LC Liguid chromatography

M5 Mass spectrometry

SA Salicylic acid

SLs Stngolactones

UHPLC-MSMS  Ultra-high performance liquid chroma-
tography-tandem mass spectrometry

Introduction

Most (if not all) organisms wse chemical signals in cell-
cell communication. Thus, chemical signalling is extremely
ancicnt. Howewer, the complexity of cell signalling leapt
when first prokarvotic and subsequently cukaryotic cells
began o associate together in multicellular organisms,
putatively several billion and one billion years ago, respec-
tively (Parfrey et al. 2011). Following the emergence of
multicellularity, cell specialisation increased as tissues
and organs with diverse specific functions evolved. Co-
ordination of the growth and development of these cells,
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tissues and organs, as well as the environmental responses
of complex multicellular organisms, required increasingly
intricate signalling networks. Many of our current con-
cepts about intercellular communication in plants have
been derived from similar studies in animals, in which two
main systems evolved: the nervous system and endocrine
system. Plants, lacking matility, never developed a nervous
system, but they did evolve hormones as chemical messen-
gers. Plant hormones play essential roles (individually and
in concert) in the regulation of mynads of physiological
processes involved in plants’ growth, development, senes-
cence and responses to environmental stimuli. Until the
19940s, there were just five known types of plant hormone:
auxins, cytokinins, gibberellins, cthylene and abscisic acid.
However, duning the last two decades compelling evidence
has emerged that four other classes of substances (brassi-
nosteroids, jasmonates, salicylic acid and most recently str-
igolactones) act as signalling molecules and probably have
growth-regulating activitics.

Plant hormones, also known as ‘phytohormones’, are usu-
ally present at extremely low concentrations in plant tssues,
generally pofe fresh weight (FW), while substances that
interfere with their analysis are present in far greater con-
centrations. This is the major problem associated with plant
hormone analysis. Thus, sound knowledge of the analytical
and chemical prnciples underying the extraction, purifica-
tion, identification and quantification of plant hormones is
essential for their accumte and precise determination. In this
review, we summarise current understanding of these prin-
ciples, methodologies for plant hormone analysis, factors
that complicate their extraction and isolation from the highly
complex matrices of plant and other tissues {(which contain
thousands of substances) and future perspectives.

Extraction and purification

Prior to extraction, plant matenal must be homogenised to
break the cell walls in the tissucs (Harnson 200 1) and thus
allow any hormoncs present to migrale to an appropriate
extraction solvent. This can be done by gnnding frecec-dried
or fresh plant tissue (gram amounts) in a mortar with a pes-
the under ligquid nitrogen then adding an appropriaic solvent
te the ground matenal. Alematively, very small amounts
of plant matenal (mg) can be ground in 1.5-2.0 ml plastic
microwbes with a selecied extraction solvent and tungsien
carbide or zirconium oxide beads in a homogenizer for an
appropriaie time at a sclecied frequency. The most effec-
tive devices use multi-directional motions to transmit high
kinetic energy o the beads and are capable of gnnding tens
of samples simultaneously. To avoid enzymatic or chemi-
cal degradation of the hormones, the plant material should
be kept cold during the entire homogenisation process. The

&1 Springer

efficiency of extraction of a target hormone from a plant tis-
sue will depend on its polarity, its subcellular localisation
and the extent to which it is associated with other compounds
in the tissue such as phenolics, lipids, pigments and proteins
(Hillman 1978). The solvent used must be capable of extract-
ing the hormone efficiently, while minimising extraction of
interfering substances. Methanol, acetonitrile, mixtures of
these solvents with aqueous solutions of organic acids (gen-
erally formic or acetic) or buffers adjusted to nevwtral pH are
usually used as extraction solvents for isolafing plant hor-
mones (Kowalczyk and Sandberg 2001; MNordstrim et al.
2004 Nowik et al. 2008; Kojima et al. 2009; Urbanovi et al.
2013). Analvte losses dunng the sample purification proce-
dure can be accounted for by adding internal standards (usu-
ally labelled with stable 1sotopes) to the plant extracts. This
procedure also provides a measure of the percentage recov-
ery of target metabolites throughout the punfication proce-
dure. Ideally, recovery markers should be included for every
plant hormone metabolite that 15 being quantified. However,
in many studics only a few internal standards have been
uscd, often added at late stages during the extraction process,
or even just before quantitative analyses (Witters et al. 1994;
van Rhijn et al. 2001). Clearly, all the curent methodologies
could be further improved by sophisticated intemal standard-
ization of some of the missing labelled standards, mainly to
cower the enormous variations in chemical properties of the
substances, even within each phytohormone group. Dissimi-
lar chemical nature of endogenous and internal substances
subsequently leads to errors in their determination.

The ideal extraction duration depends on the target plant
hormone group and (to a lesser degree) the specific target
hormones. Generally, it should be long enough to allow
quantitative migration of the analytes into the extraction
medium and 1sotopic equilibration between the endogenous
compounds and added internal standards. Decomposition
of the endogenous hormones during prolonged extractions
can be minimised by performing the extraction at low tem-
perature (between —20 and 4 “C) and adding an appropri-
ate antioxidant (for instance dicthyldithiocarbamic acid;
Pénéik ot al. 2009) to the extraction solvent.

The optimal purification method depends on the chemi-
cal nature of the target hormones, the type of analysis to
be performed and choice of analyviical instrument. In addi-
tion, approgriale scparation procedures must be applied to
reduce levels of interfering compounds in the extracts while
maximising recovencs of the hormones in cach punfication
step (Ljung ct al. 2004). The first step is oficn liguid-liquid
extraction combined with solid-phase extraction (SPE).
SPE columns are packed by the manufacturers with solid
sorbents that bind plant hormones (and other compounds,
to varying degrees), usually via hydrophobic, polar or ionic
interactions (often sorbents with hydrocarbon groups, gra-
phitized carbon-based material and ion-exchange matrices,
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Fig. 1 Structures of auxins

respectively). Interfering substances are removed by wash-
ing the column with a suitable solvent and hormones are
then eluted wsing a solvent that disrupts the bonds formed
by the interactions between the hormones and the sorbent
in the column. “Mixed-mode™ SPE columns, packed with
a mixture of two types of sorbent. are also available and
have become very popular recently (MNordstrom et al. 2004;
Dobrev et al. 2005; Novak et al. 2008; Kojima et al. 2009;
Urbanova et al. 2013) due to their ability to reduce the
number of required punfication steps (since more than one
scparation mechanism can be exploited using a single col-
umn), while maintaining high sample clean-up efficiency.
SPE allows high throughput of samples when combined
with automatic systems, SPE robots, which are capable of
purifying tens of sample simultancously (Nordstrim et al.
2004; Kojima et al. 2009). However, no miniature mixed-
mode purification system capable of handling extracts from
mg FW samples has been developed yet.

Auxins
Auxins were the first discovered family of plant hormones.

In the earliest recorded inference, Charles and Francis Dar-
win concluded that plant growth is regulated by a signal
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transported from one part of the plant to another where the
physiological growth response occurs (Darwin and Darwin
1880). This “signal” was subsequently called auxin {(from
the Greek word “auxein” meaning “to grow™) and identi-
fied as indole-3-acetic acid (1AA; Kogl and Kostermans
1934; Went and Thimann 1937). IAA (Fig. 1) is the major
auxin involved in a plethora of physiclogical processes in
plants. Its activities include induction of cell division and
elongation in stems, and regulation of cell differentiation,
vanous tropisms, abscission, apical dominance, scnes-
cence and flowenng (Woodward and Bariel 2005; Teale
et al. 2006). Two major [AA biosynthesis pathways have
been postulated in plants: the tryptophan (Trpl-independent
and Trp-dependent pathway (Mormanly 2010; Mano and
MNemoto 2012). After synthesis, JAA may be deactivated by
catabolic oxidation {decarboxylative or non-decarboxyla-
tive), or conjugation to sugars and amino acids (Normanly
2010 Ljung 200 2).

To obtain complete understanding of 1AA metabolism
in a given biological sample, information on levels of free
hormone, its major metabolites and biosynthetic precur-
sors is highly important. Accurate estimation of these sub-
stances requires the detection and quantification of min-
ute amounts of analytes in plant extracts containing huge
numbers of other substances at far higher concentrations.
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Therefore, it is essential to use methodology that offers
low detection limits and high selectivity, i.e. methods
that are minimally sensitive to impurities. Several meth-
ods have been described for detecting free [AA, including
HPLC with fluorescence detection (Crozier et al. 1980;
Sundberg et al. 1986; Mattivi et al. 1999; Dobrev et al.
2003) or chemiluminescence detection (Xi et al. 2009),
with or without enhancement by immunoaffinity-based
punfication techniques (Pengelly et al. 1981; Sandberg
et al. 1983; Cohen ot al. 1987; Marcussen et al. 1989).
However, the most commonly employed method for quan-
tifying IAA in plant tissues seems to be gas chromatog-
raphy—mass spectrometry (GC-MS) with clectron impact
iomisation (Chen et al. 1988; Dunlap and Guinn 1989;
Edlund ct al. 1995; Ribnicky ct al. 1998; Pernine et al.
2004; Barkawi et al. 20000, A drawback of this approach
is that IAA is not volatile so it must be denvatised (usually
by methylation or timethylsilylation). Several methods
for prepanng denvatives of TAA precursors for GC-MS
analysis have also been developed, including acylation of
tryptamine, trimethylsilylation of indole-3-cthanol, and
methyl chloroformate derrvanisation of tryptophan (Quit-
tenden et al. 2009; L et al. 2012a, b, ¢). Samples can
be purified by reversed-phase SPE (Barkawi et al. 2008),
mixed-mode SPE (Dobrev et al. 2005) or immunoaffinity
extraction {Sundberg et al. 1986; Péncik et al. 2009). To
avoid preparation of antibodies in animals, selective bind-
ing in a polymer matrix with a “molecular imprine™ (MIP)
of auxin can be used (Zhang et al. 2010). A miniature
system for purifying IAA and its biosynthetic precursors
using SPE tips has been developed (Lio et al. 2012a, b,
ch, and the best currently available analytical technology
is based on liquid chromatography-tandem mass spec-
trometry (LC-MS/MS), which is capable of determin-
ing both IAA and its amino acid conjugates (Kowalczvk
and Sandberg 2001; Péncik et al. 2009). However, this
requires a much more intricate procedure than measure-
ments of [AA alone, mainly because levels of [AA con-
jugates in plant extracts arc significantly lower. However,
all TAA metabolites except indole-3-pyravic acid (IPyA,
Fig. 1} can be analysed without any dernvatisation prior
te their MS detection in positive or negative electrospray
mode (Kai et al. 20072, b; Sugawara ct al. 2009; Mashi-
guchi et al. 20011; Novik et al. 2012). Recently, IPyA
{the most labile auxin precursor) has been identified as
an imporant intermediate in the Trp-dependent 1AA
biosynthesis pathway in Ambidopsis (Mashiguchi et al.
2011; Stcpanova et al. 2011). Tam and Normanly (1998}
described a simple, rapid method for its reliable quanti-
fication based on denvatisation of the carbonyl group by
hydroxylamine to form the oxime. Other methods, such
as derivatisation of IPyA by 2 4-dinitrophenylhydrazone
(Mashiguchd et al. 2011}, cysteamine (Novak et al. 2012)

&1 Springer

or sodiom borodeuteride (Liu et al. 2012a, b, ) have also
been developed.

Cytokinins

Cytokinins (CKs) are endogenous NP substituted adenine
derivatives with the well-known primary ability to induce
cell division activity in plant callus cultures (Skoog and
Miller 1957). However, they also have a very wide spec-
trum of other physiological effects on various plants and
tissues, notably they can delay senescence, inhibit root
growth and branching, increase resistance to cnvironmen-
tal stresses and initiate seed development (Richmond and
Lang 1957; Mok 1994). As shown in Fig. 2, CKs can be
divided into two subgroups based on their chemical struc-
ture: isoprenoid CKs (ISCKs), which bear an isoprenoid
side chain at position N-6 and include zeatin, sopentenyl
and dihydrozeatin forms; and aromatic CKs (ARCKs),
which bear a side chain of aromatic (benzyl or furfuryl)
origin. From a physiclogical perspective, there are four
main types of CK metabolism: interconversion, hydroxyla-
tion, conjugation and oxidative degradation. However, the
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major CK metabolic processes are interconversions of CK
bases, nuclecsides and nucleotides (Chen 1981), as rates
of CK nuclecside and nuclestide conversions to bases (the
biologically active forms) reportedly control CK activity
in plant cells (Kurakawa et al. 2007). Side chain modifica-
tions of 1SCKs include stereospecific hydroxylation of the
isopentenyl side chain, yielding zeatin (Takei et al. 2004),
and reduction of the zeatin side chain, yielding dihydrozea-
tin (Mok and Martin 1994). Zeatin ocours naturally as two
geometnic isomers: frans- and cis-zeatin. In gencral, frans-
zeatin (#£) is considered as a cytokinin with high activity,
compared to the little or no active cis-zeatin (cZ) (Kudo
et al. 2012). Early investigators postulated that ¢ was the
predominant form, while the cis-isomer was much less
abundant in planta (Schmitz and Skoog 1972; Mok et al.
1978). However, there are growing indications that ¢ 1s
the dominant cytokinin specics in various plants, such as
rice (Takagi et al. 1985), maize (Veach et al. 2003; Vyrou-
balova et al. 2004}, potatoes (Suttle and Banowetz 20040)
and several species of kegumes (Emery et al. 1998, 2000;
Quesnelle and Emery 2007). Interestingly, relative levels
of reatin stereoisomers can also differ substantially dor-
ing a plant’s lifecycle, cf-type CKs generally predomi-
nate in tissues exposed to various stresses (drought, heat
or biotic stress), while @Z-type CKs are often more abun-
dant in unstressed tissues (Havlovi et al. 2008; Pertry et al.
2004; ¥yroubalova et al. 2000; Dobra et al. 2010). Com-
mon modifications of ARCK side chains are regiospecific
hydroxylations, leading to formation of either meta- or
ortho-derivatives called topolins (Kaminek et al. 1987;
Strnad 1997). Mefa-position of hydroxyl functional group
increases CK activity of the parent compound, while at the
ortho-position leads to its decrease (Holub et al. [998).
Glycosylation, leading to the formation of N- or O-glyco-
sides of CKs, also occurs in many plant species (Entsch
et al. 1979). N-glycosides lack CK activity in bioassays,
indicating that their formation 15 a form of irreversible
inactivation {Lalowe 1977} In contrast, O-glycosides arc
considered inactive storage forms that play important roles
in balancing CK levels (McoGaw and Burch 1995). Free CK
bascs and nucleosides with unsaturated N®-side chains may
be imeversibly degraded by cleavage of the side chain cata-
Iysed by cytokinin oxidase/dehydrogenase, yielding ade-
nine or adenosine and the comesponding side chain alde-
hyde (Galuszka et al. 2001 ).

CK metabolites have significantly differing chemical
propertics that must be considered in analyses. Notably,
their ionic forms are dependent on pH, which thus strongly
influences their behaviour on ion-exchange columns. For
instance, at a pH of ca. 2, CK nucleotides are zwiticn-
onic (uncharged), while CK bases and several metabolites
(including 9-ribosyl and 3-, 7- and 9-glycosyl metabolites)
are cationic. In addition, nucleotides are more polar and

thus less hydrophobic than glycosides, which in turn are
more polar and less hydrophobic than CK bases and ribo-
sides. Thus, CK metabolites’ chromatographic properties
vary widely, which complicates their analysis. In the 1960s,
during the GC boom, both GC-MS and GC-ECD tech-
nigues were introduced for CK analysis. However, chemi-
cal modification of hydrogen-binding functional groups
was essential for converting CKs {(which are not volatile;
Horgan and Scott 1987) into volatile denvatives suitable
for GC. Vanous denvatisation approaches have been pub-
lished, including trimethylsilylation (TMS, Most et al.
1968), permethylation (Moms 1977} and tnfluorcacety-
lation {TFA, Ludewig et al. 1982). However, these proce-
dures are associated with a number of technical difficultics,
such as requirements for extremely water-scnsitive rea-
gents, inapproprate and time-consuming preparation, the
extreme sensitivity of some derivatives (TMS and TFA) to
moisture, and the need for high temperatures o clute per-
methylated denvatives. To avoid the problems ansing from
CK denwatisation for GC, attention has focused on LC-
MS. The first LC-MS method for CK analysis, involving
the separation of undervatised cytokinins using a frit-fast
atom bombardment interface, was published by Imbauli
et al. (1993). The sensitivity of this method was subse-
quently improved, to low femtomolar detection limits, by
derivatising 10 ISCKs using propiony]l anhydrde to form
CK propionyl derivatives (Astot et al. 1998; Nordstrém
et al. 2004). In addition, atmospheric pressure ionisation
(APCI, Yang et al. 1993) and electrospray ionisation (ESI,
Prinsen et al. 1995; Witters et al. 1999; Novak et al. 2003)
interfaces have been used for CK determination, affording
picomolar to low femtomolar detection limits in analyses of
0.1-1 g FW samples of plant tissue. Nowadays, ESI is the
only M8 interface routinely used for quantitative analysis
of CKs that offers sufficient ionisation efficiency not only
for CK but also for the majority of plant hormones (Novak
et al. 2008; Svadinova et al. 2012; Farrow and Emery 2012;
Dewitte ot al. 1999). Since CKs strongly absorh UV light
{in the 220-300 nm region), several LC-UV methods
have been earlicr applied for quantitative analysis of CKs
(Campell and Town 1991; Chory et al. 1994), UV detection
can be further advantageous for analyses of immuncaffin-
ity-purified cytokimn samples (Nicander et al. 1993) and
separation of CKs by capillary electrophoresis (CE; Pacdk-
ovad et al. 1997; Béres et al. 200 2). In some cases, CE has
been found to have distinct advantages over ultra-high per-
formance hiquid chromatography (UHPLC) in terms of sep-
aration efficiency, costs and simplicity, while maintaining
comparable sensitivity to MS detection (Ge et al. 2006).

As substituted punine denvatives CKs also have typi-
cal electroactive properties, so they can be detected by
electrochemical reduction or oxidation using appropriate
electrodes (Hemandez et al. 19935; Huskova et al. 2000;
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Tarkowska et al. 2003). However, these methods are more
useful for screening purposes than routine analysis of
endogenous cytokinin levels in plant tissues.

Similarly to other plant hormones, numerous attemipts
have been made to increase the sensitivity, peak capacity
and speed of anal yses of the trace quantities of CKs present
in small amounts of various plant tissues (e.g. apical roots,
stem regions, seeds and buds) or even individual cell orga-
nelles. Such requirements can be fulfilled by UHPLC in
combination with tandem MS. However, extremely carcful
attention must also be paid to the efficiency of CK extrac-
tion and 1solation from plant matrices, which {as men-
tioned) are very complex and typically contain thousands
of substances. SPE followed by a high-throughput baich
immunccxtraction step and subsequent UHPLC scpara-
tion has proved to be haghly valuable for this, allowing for
cxample the separation of 50 CKs—including bases, nbo-
sides, 9-glycosides, O-glycosides and nucleotides—from
several milligrams of poplar (Populus = canadensis Moe-
nch, cv Robusta) leaves (Novak et al. 2008).

Recently, miniature sample pretreatments based on
hydrophilic interaction lhiquid chromatography (HILIC)
combined with MS/MS have also been used for CK analy-
sis (Liu et al. 2010, 2012a). Further improvements allowing
reductions of starting amounts of tissue while maintaining
sensitivity have been achieved by miniatunsation of SPE
apparatus from polypropylene columns to pipette tips, so-
called stop-and-go-microextraction or StageTip purifica-
tion, which affords attomolar detection limits using 1-5 mg
FW of Arabidopsis seedlings (Svadinova et al. 20012).
In addition, magnetic solid-phase extraction techniques,
involving use of magnetic or magnetizable adsorbents with
high adsorption ability and superparamagnetism, have been
introduced for effective sample enrichment and punification
of CKs prior to HILIC combined with tandem mass spec-
trometry (Liu et al. 2012b). This approach was applied to
analyse CKs in 200 mg FW extracts of nce roots (Oryvza
sativa) and Arabidopsis thaliana scedlhings with pg/mL
detection limits. Another approach for improving sample
canichment s to sclectively bind CKs from plant extracts

Fig. 3 Structures of C,; and 1 1z
. gibberelline

HC COOH
e 1%

GA (R=H) GA..(R=0H)

(Con-GAs)

using molecularly imprinted polymers (MIPs) prior to LC—
MS/MS analysis. This method was developed and applied
to estimate levels of two 2 ISCKs and two ARCKs in 5 g
FW extracts of tobacco, rape and sovbean leaves with pg/
mL detection limits (D et al. 2012).

Gibberellins

Gibbercllins (GAs) are a class of diterpenoid carboxylic
acids that include biologically active compounds pro-
duced by wanous microbes (fungal and bactenal) and
lower as well as higher plants, where they are endog-
enous growth regulators. To date, 136 naturally occurning
GAs from diverse natural sources have been characterised
(httpe/fwowow plant-hormones.info' mbberellins . htm).  The
most prominent physiological effects of bicactive GAs
(e.g. GA), GA,. Fig. 3) include for instance induction of
flowering and germination, stimulation of stem clongation
and delay of senescence in leaves and citrus fruits (Hedden
and Thomas 201 2).

All naturally occurming GAs possess a tetracyclic eni-
gibberellane skeleton consisting of 20 carbon atoms (with
rings designated A, B, C and D; Fig. 3), or a 20-nor-enr-
gibberellane skeleton (in which carbon-200 i= missing,
so there are only |9 carbon atoms). Therefore, in terms
of carbon numbers, GAs can be divided into two groups:
Cg-GAs (e.g. GAy, GAp and Cyp-GAs (eg. GA;, GAg;).
The prefix ent indicates that the skeleton is derived from
ent-kaurene, a tetracyclic hydrocarbon that is enantiomenic
to the naturally occurring compound kawrene. Like other
classes of plant hormones, concentrations of GAs in plant
tissues are usually extremely low (generally pgfg FW).
Thus, very sensitive analytical methods are required for
their detection. However, levels of GAs may vary substan-
tially even within a plant organ. Vegetative tissues (stems,
roots and leaves) typically contain several pgle FW, while
reproductive organs (such as sceds and Aowers) often have
three orders of magnitude higher levels (e ng/g FW). The
chemical nature of GAs also varies substantially, notably

GAs (R=H) GA, (R=0H)
[Ci-GAs)
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they cover a broad range of polarities and the only proper-
ties they share are that they behave as weak organic acids,
with dissociation constants (pK)) around 4.0 (Tidd 1964),
and have no spectral characteristics such as Auorescence
or UV absorption (except below 220 nm) that could easily
distinguish them from other organic acids. The first meth-
ods for GA analysis, based on GC-MS determinations of
volatile methyl ester trimethylsilyl ether derivatives, were
introduced in the 1960s (Pryce et al. 1967; MacMillan and
Prvce 1968; Binks ct al. 1969). This approach is still used
in some laboratories for quantifying and identifying GAs
as it is highly sensitive (Maunat and Motz 2000; Mag-
ome et al. 2013). However, LC-MS 1s becoming more
popular for quantitative analysis of GAs, mainly because it
avolds denvatisation requirements. For instance, Varbanova
et al. (20073 published a method for analysing 14 GAs in
extracts of Arabidopsis mutants within 16 min by LC-MS/
MS (afier a laborious five-step punification procedure). The
quantification procedure involved addition of deutcrium-
labelled internal standards before purification followed by
isotope dilution analysis, as gencrally recommended for
precise quantification (Croker et al. 1994). LC-MS/MS-
based analysis has also been successfully used to determine
endogenous GAs in Christmas rose (Hellebarus niger L)
during flowering and fruit development (Ayele et al. 20100,
Most recently, a rapid, sensitive method based on a two-
step isolation procedure followed by UHPLC-MS/MS
analysis has been published (Urbanova et al. 2013). This
methodology is capable of quantifying 20 naturally ocouwr-
ring biosynthetic precursors, bicactive GAs and metabolic
products from extracts of 100 mg FW plant tissues with
low femtomolar detection limits.

Fig. 4 Structures of stress-
related plant hormones

(-}-Jasmonic acid {JA)

Ahscisic acid

Abscisic acid (ABA) is an optically active C5 terpenoid
carboxylic acid (Fig. 4) that was discovered during the
carly 1960s, when it was found to be involved in the con-
trol of seed dormancy and organ abscission (Lin and Carns
196]1; Ohkuma et al. 1963; Cornforth et al. 1965). Later,
it was shown that the role of ABA in regulating abscis-
sion 15 minor and its primary role is in regulating seed dor-
mancy and stomata opening (Patterson 20010, ABA plavs
important roles in many other numercus physiclogical
processes such as seed maturation, adaptive responses to
abiotic stress (Nambara and Manon-Poll 2005}, shoot clon-
gation, morphogenesis of submerged plants (Hofmann-
Benning and Kende 1992; Kuwabara ct al. 2003), and root
growth maintenance (Sharp and LeNoble 2002). It 15 a
non-volatile, relatively hydrophobic substance containing
a carboxylic group (Fig. 4). Therefore, commonly applicd
approaches for its extraction and punfication include lig-
wd-ligumd extraction (Liu et al. 2002; Schmelz et al. 2003;
Durghanshi et al. 20035), hguid-liquid-liguid microcxirac-
tion {Wu and Hu 2009; Bai et al. 2012}, SPE {Dobrev and
Kaminek 2002; Chiwocha et al. 2003; Fhou et al. 2003;
Dobrev et al. 2005) and solid-phase microextraction (Liu
et al. 2007). Like other phytohormones, it was initially
determined by bioassays based on its physiological proper-
ties {Sembdner et al. 1988). The naturally occurring form is
S-(+)-ABA, and the side chain of ABA is in 2-cis, 4-trans
configuration by definition (Addicott et al. 1968). Due to
this optical property, ABA was also previously determined
by polarimetry (Comnforth et al. 1966). However, specific
rotation is often influenced by numerous other substances

COOH
OH

Salicylic acid (SA)

COOH

12-oxo-phytodienoic acid (OPDA)
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in plant extracts, thus such determination is very inaccu-
rate. The compound also strongly absorbs ultraviolet (UV)
radiation, maximally at about 260 nm (due to the presence
of chromophores, chemical groups capable of absorbing
light, resulting in the colouration of organic compounds),
which allows its detection in HPLC eluates by monitoring
their UV absorption (Ciha et al. 1977; Cargile et al. 1979;
Mapelli and Rocchi 1983). HPLC has also been used to
determine two metabolites of ABA: phaseic acid (PA) and
dihydrophaseic acid (DPA) (Durdey et al. 1982; Hira and
Koshimizu 1983},

Immunological methods such as radicimmunoassays
(RIAs) (Weiler 1979, 1980; Walton et al. 1979; Merens
et al. 1983} and enzyme-linked immunosorbent assays
(ELISAs) based on competitive binding between free and
alkaline phosphatase-labelled ABA (Daic and Wyse 1982;
Weiler 1982) have also been successfully used for estimat-
ing ABA levels and are still highly recommended for esti-
mating free ABA levels in plant tissues. A method based
on immunoaffinity chromatography (1AC) in combination
with LC-MS has also been recently described (Hradecka
et al. 2007). Early analytical methods for measunng lev-
els of ABA metabolites employed GC coupled to electron
capture detection (GC-ECD; Harrison and Walton 1975;
Feevaan and Milborrow 1976) or flame ionisation detec-
tion (FID; Watts et al. 1983) systems. These methods were
capable of quantifying PA, DPA, epi-DPA and ABA glu-
cose ester (ABAGE) in plant tissues at levels of about ngfg
FW. Boyer and Zeevaart (1982) also developed a method
for measuring ABAGE, as its tetraacetate derivative, by
GC-ECD. In addition, several methods for quantifying
ABA and ABAGE by GC-MS5 in selected ion monitor-
ing (SIM) mode (Netting et al. 1982; Duffield and Netting
2001) and multiple 1on monitoring (MIM) mode (MNeill
et al. 1983) have been published. However, GC-MS is lim-
ited to the analysis of volatile compounds, thus methylation
of these analytes with diazomethane prior to the analysis
15 required. Regarding detection technigues following GC
scparation, ECD) permits quantitative analyses of ABA in
much smaller samples of plant matenal than FID. When
GC coupled with MS in SIM mode, even much higher sen-
sitivity 1s then achieved. Further, methods for determining
ABA by CE have been published (Liu et al. 2002, 2003).
CE has advantages for analysing ABA (as a trace substance
in complex plant extracts), but it suffers from low sensitiv-
ity in combination with UV detection. This problem can
be overcome using either micellar electrokinetic capillary
chromatography (MECC; Lin et al. 2002) or laser-induced
fluorescence (LIF) detection, both of which provide high
sensitivity, but again require denvatisation becanse ABA is
not fluorescent. Therefore, in the second cited study by Liu
et al. (2003), ABA was labelled with B-aminopyrene-1,3.6-
trisulfonate via reductive amination in the presence of
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acetic acid and sodium cyanoborohydride. The resulting
conjugate was quantified, with fmol detection limits, and
the method was used to analyse ABA in crude tobacco
extracts. Recently, LC coupled to M5 with soft ionisation
technigues (ESI, APCI) has proved to be very powerful
foor analysing substances in plant extracts since they are
often polar, non-volatile, thermally labile and (hence) inap-
propriate for GC analysis. Due to its high selectivity and
sensitivity, LC-MS i multiple reaction momnitoring mode
(MEM) has also become increasingly popular for analys-
ing ABA and its metabolites (Gomez-Cadenas et al. 2002;
Lopez-Carbonell and Jauregui 20035; Chiwocha et al. 2007;
Lopez-Carbonell et al. 2009, Another technique that has
been used for quantifving ABA and ABAGE 1z LC-MS
in SIM mode, cither directly (Hogge ot al. [993; Sch-
neider et al. 1997} or following several punfication steps
(Wilard et al. 2006). Further improvements in the analysis
of ABA metabolites have been obtained through use of a
UHPLC-based M5 method, which is faster, affords higher
throughput and is more sensitive than conventional LC-MS
(Tureckova et al. 2009). The detection limits of the tech-
migue were found to be at low picomolar levels for ABAGE
and ABA acids in negative ion mode, and femtomolar lev-
els for ABAGE, ABAaldehyde, ABAalcohol and the meth-
ylated acids in positive ion mode.

Ethylene

Ethylene is a flammable unsaturated gaseous hydrocarbon
(Fig. 5) with a molecular weight of 28.05 g/mol. It has
been indirectly used for thousands of years to ripen fruits,
for instance via the ancient Egyptian practice of gashing
figs (Galil 1948). It seems to have been first descrnibed by
Becher (1669, Physica Subterranea), identified as a natu-
ral plant product by Gane (1934) and shown to influence
plant growth and development by Crocker et al. {1933). It
is formed essentially in all cells, but often most abundantly
in fruits and wounded tissucs, diffuses through tissues and
is finally relcased into the surrounding atmosphere. The
levels of cthylene produced by plants are low and of the
same order as those of other phytohormones. Thus, sen-
sitive methods are essential for its determination. The
first methods for cthylene detection, like those for other
plant hormones, were based on certain bioassays, mainly
because of the lack of instrumental methods at the time.
The first was the ‘inple response’ etiolated pea plant bio-
assay based on measurement of reductions in stem elonga-
tion (Nejlubow 1901 and several others were subsequently
developed (Crocker et al. 1932; Addicott 1970; Kang and
Rat 1969). However, all the bioassays lack specificity (for
instance, propylene, acetylene and butylenes can induce
similar responses, albeit at up to a thousand times higher
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concentrations than ethylene) and thus are rarely used
now. The development of chromatographic (especially gas
chromatography)  techniques  allowed the identification
{by coupling to MS) and guantification of low molecular
weight hydrocarbons including ethylene and its biosyn-
thetic precursors  |-aminocyclopropane- 1 -carboxylic acid
{ACC) and l-imalonylamino)cyclopropane- | -carboxylic
acid (MACC), for structures see Fig. 5. All of the men-
tioned substances of biological interest can be clearly dis-
tinguished from other low molecular weight hydrocarbons
with high accuracy at approximately 1072 m' dm— in a
1 em® volume (ppb level) of air. The first GC method for
ethylene determination was applied to measure this sub-
stance from apples (Burk and Stolwijk 1959; Huelin and
Kennett 1959). The major drawback of this approach based
on thermal conductivity detection (TCD) was a relatively
high detection limit of 10-100 pLJ/L. The introduction of
flame ionisation detection (FIDM and the photoionisation
detector (PID) in 1980s significantly improved the detec-
tion limit of cthylene to tens of nl/L levels (Bassi and
Spencer |985; Bassi and Spencer [089). At the beginning,
the cthylene sampling procedure and its subscquent injec-
tien into the GC column have been done manually with a
gas-tight syninge, which was filled with gas from the head-
space of a closed cuvetie, in which the plant was enclosed
for a few hours (Abeles et al. 1992). For low reproducibil-
ity and high time consumption of this system, it has been
later replaced by automatic samplers based on concentric
rotary valves (Cnstescu et al. 20013). To achieve better sen-
sitivity, GC systems can be equipped with preconcentra-
tion devices that enable to store the emitted ethylens (Segal
et al. 2000). The plants are placed in closed cuvettes and

continuously flushed with air. Eithylene is trapped inside
a tube containing an appropriate adsorption materal (e.g.
carbon molecular sieve) and is then released into a smaller
volume by heating the adsorbent. In addition to GC and
GC-MS (Smets et al. 2003) approaches, photo acoustic
laser spectrophotometry (PALS; Cristescu et al. 2008),
LC-MS (Petritis et al. 2003) and CE-LIF (Liu et al. 2004)
methods for ethylene (or ACC) determination have been
published. PALS offers higher detection sensitivity (ppt
level) than GC and is highly selective for particalar sub-
stances. This is disadvantageous in some respects, as the
equipment has much narrower applications than GC. How-
ever, before use of the GC-MS and CE-LIF methods, the
analytes in plant extracts must be modified by derivatisa-
tion, which greatly increases time consumption, and the
dernvatisation procedure has poor reproducibility when
concentrations of ACC are low. Recently, methodology
based on in vitre measurement of the activity of two key
biosynthetic enzymes, |-aminocvclopropane- | -carboxylate
synthase (ACS) and |-aminocyclopropanc- | -carboxylate
oxidase (ACO), as well as ethylene itself, has been reported
(Bulens et al. 2011}

Brassinosteroids

Brassinosteroids (BRs) are relatively young group of natu-
rally occurring triterpenoid plamt growth substances with
hermonal function (Cafio-Delgado et al. 2004). More than
70 BR analogues have been identified so far in nearly 60
plant species (Choe 1999). Their common structural feature
i= a So-cholestane skeleton (Fig. 6) and they are divided
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Fig. 6 Structure of
Sa-cholestane and biologi-
cally active naturally acourring
brassinosteraids
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into different categories depending on the side chain struc-
ture and modifications of the A and B nngs. Physiologi-
cally, BRs participate with other plant hormones in the
regulation of numerous developmental processes, including
shoot growth, root growth, vascular differentiation, fertl-
ity and seed germination (Fujioka and Sakurai 1997). BRs
also have anti-stress effects, iLe. they participate in amelio-
rative responses to various stresses, such as low and high
temperature, drought and infection. Like GAs, they tend to
be relatively abundant in reproductive plant tissues, such
as pollen, flowers and immature seeds, but their levels are
extremely low in vegetative tissues, even compared to those
of other plant hormones (fz-pg/s FW)L

Initially, immunoassays and bioassays were mainly
used for detecting BRs (Takatswo and Yokota 1999}, Some
of the bioassays have good scnsitivity and are still used
for testing the hological activity of BRs, paricularly the
bean second-internode bioassay (Mitchell and Livingston
1968) and rice lamina inclination bioassay (Macda 1963),
which provide 2 x 107" mol and 1 x 107" mol detec-
tion limits, respectively (Thomson et al. 1981; Wada et al.
1984). Immunological methods such as RIAs and ELISAs
have also been used for explonng the distnbation of BRs in
plant tissues (Horgen et al. 1984; Yokota et al. 1990). RIA
was found to be useful for detecting the two most common
bioactive BRs, castasterone (C5) and brassinolide (BL)
(Fig. 6), with approximately 0.3 pmol detection limits.
However, ELISA based on a mouse monoclonal antibody
against 24-epibrassinolide (epiBL) was shown to respond
not only to epiBL but also to other, non-BR phytosterols
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castaslerone (5)

(sitosterol, ecdysone). So, this method could not be used
for analysing BRs. Swaczynova et al. (2007) subsequently
improved the ELISA method wsing selective polyelonal
antibodies against 24-epicastasterone (epiCS) and success-
fully detected this substance in Brassica napus and Arabi-
diopsis tissues. These antibodies cross-reacted with BL and
epiBL, but not with non-BR plant sterols. Thus, the method
was applied for determining BR levels in extracts of tissues
from several plant species. In addition, good agreement was
found between results obtained using the ELISA method
and a simultaneously developed HPLC-MS approach.
Several hyphenated (GC-MS and LC-MS5) techniques
were also gradually introduced. Since BRs are not volatile
they must be denvatised prior to GC-MS analysis (Takat-
suo et al. 1982). The standard derivatisation procedure s
based on formation of bis-methancboronates (BMBs) of
BRs with vicinal dicl groups {e.g. BL and C5). Thus, a
disadvantage of this approach is that it cannot be used to
analyse BRs lacking this conformation {e.g. teasterone and
typhasterol). The detection limits of BMB denvatives are
at the sub-ng level. GC-MS has also been used to eluci-
date structures of new BRs and BR biosynthesis pathways
(Fujicka and Sakurai 1997). Liquid chromatography is gen-
erally suitable for non-volatile compounds, therefore, BRs
can be advantageously analysed using this technigue with-
out derivatisation. However, although several LC methods
have been published, only one can be used for direct deter-
mination of free BRs (Swaczynova et al. 2007). The others
still require derivatisation. Gamoh et al. (1996) developed
a method based on preparation of naphthalenehoronates,
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which is also applicable to tessterone and typhasterol
{unlike BMB derivatisation). It has a reported detection
limit of 2 ng and was applied to analyse BRs in Canna-
bis sativa seeds. Another LC method provides 123 attomole
detection limits for dansyl-3-aminophenylboronate deriva-
tives of BRs in highly laboriously punfied extracts (57 g}
of 24-day-old Arabidopsis plants grown in vitro. (Svatod
et al. 2004). Recently, two other LC-MS methods for pre-
panng and analysing boronate derivatives of BRs have been
reported (Huo et al. 2002; Ding ct al. 2013}, but the start-
ing amount of tissue (Arabidopsis) used in the cited studies
was still extremely ugh: 1 or 2 g FW.

Jasmonates

Jasmonic acid (JA) and its metabolites, collectively called
Jasmonates (JAs), are cyclopentanone compounds (Fig. 4)
that sharc remarkable structural and functional proper-
ties with prostaglandins found in animals (Wasternack
and Kombrink 200100, In the 1990s, JAs were proposed to
be stress-related compounds (Farmer and Ryan 1990; Par-
thier 1991} that accumulate in planis in response to varous
stresses, such as wounding or pathogen attack (Creelman
et al. 1992), in plamt tissues or cell cultures treated with
fungal elicitors (Miiller et al. 1993), and tissues subjected
te abiotic stressors such as UV radiation, low and high
temperatures, osmotic stress and ozone exposure (Parthier
et al. 1992). JAs seem to occur in most organs of most plant
species (Wasternack and Hause 2013). Their 1a planta con-
centrations, which can be determined by various methods,
are comparable to those of other plant hormones, ranging
from ng to pg/g FW, depending on the plant tissue, spe-
cies, developmental stage and both environmental and
physiological conditions (Wilbert et al. 1908}, The major
physiclogically active jasmonates are reportedly (—JA,
methyl jasmonate (MeJA), and conjugates of (—J-JA with
the amine acids iscleucine (JA-lle), vahine (JA-Val), and
leucine (JA-Leu) (Sembdner and Parthier 1993), JA-amino
acid conjugates are constitutively produced in plant tissucs
and their levels increase upon osmotic stress {Kramell ct al.
1985}, In plant—herbivore interactions, JA-amino acid con-
jugation is necessary for JA activation, and (—)-JA-lle is
the bioactive form of the hormone (Staswick and Tiryaki
2004 Fonseca et al. 2009). MelA plays important roles as
a fragrant volatile compound, particularly in plant—plant
interactions, in which it acts, in concert with other vola-
tile substances emitted from the plants, as an acnal sig-
nal for communication with their environment (Pichersky
and Gershenzon 2002). Its synthesis 15 induced by van-
ous external stimuli, such as adverse weather conditions,
and attacks by herbivores or pathogens (Paré and Tumlin-
son 1099). Another JA metabolite, which is highly active

in plant—insect interactions, is cis-jasmone (Birkett et al.
200K}, Bruce et al. 2008).

Key considerations in the analysis of jasmonates are that
JA and its conjugates are non-volatile, while MelA and cis-
jasmone are volatile, GC-MS is the most frequently used
approach for quantifying JA, but as JA is not volatile it
must first be derivatised, for instance by preparation of pen-
taflucrobenzyl ester derivatives (Miller and Brodschelm
1004}, This provides high sensitivity, but requires an elabo-
rate preconcentration procedure. Another GC-MS-based
technigue for JA quantification has been described (Engel-
berth et al. 2003), in which the only purification step is col-
lection of denvatised JA on a polymenc adsorbent. Never-
theless, these ime-consuming steps still seriously limit the
number of samples that can be processed per day. MelA
can be successfully quantified directly by GC with FIDY or
MS detection after concentration by solid-phase microex-
traction (SPME) on fused silica fibre coated with a poly-
meric sorbent (Meyer et al. 1984). The reported detection
limit of this method is 1 ngfinjection, sufficiently low for
detecting McJA in plant tssucs at levels between 10 and
10 ng/g DW (Miiller and Brodschelm 1994; Wilbert et al.
1908).

Due to the polarity and non-volatility of JA most
researchers use LC-based methods for its analysis. Ander-
son (1985) described an HPLC assay for the simultaneous
determination of ABA and JA in plant extracts, following
derivatisation (of both growth regulators) with a fluorescent
hydrazide to obtain stable fluorescent products—dansyl
hydrazones. This procedure allows detection of both hor-
mones at low pmol levels. The method was demonstrated
using extracts of several different tissues of soybean (Gily-
cine max), snap beans (Phaseolus vulgaris), lima beans
(Phaseolus lunatus) and broccolh (Brassica oleracea).
However, only 20 % of the JA was converted to the cor-
responding  ester during the dervatisation procedure.
Fluorescent labelling usually affords great sensitivity for
detecting the resuliing derivatives (approx. 10~ mal)
and thus prompied other rescarchers to optimise this kind
of derivatisation to introduce fluorophores into the chemi-
cal structure of JA to monitor it after scparation by cither
HPLC (Knstl et al. 2005; Xiong et al. 2012) or CE (FZhang
et al. 2005). However, the highest selectivity and sensitivity
for JA determination can be currently achieved using MS/
MS in MEM mode (Tamogami and Kodama 1998; Wilbert
et al. 1998; Scgarra et al. 2006). Another of JA's key phys-
icochemical propertics is amenability to oxidation, which
was recently exploited for its electrochemical detection fol-
lowing LC (Xie et al. 2012). The method was successfully
applied to analyse endogenous JA in wintersweet flowers
and rice florets with a detection limit of 10—% molL. To
study physiological process in plants under various stresses,
many researchers also monitor levels of precursors in the
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JA biosynthetic pathway (especially 12-oxo-phytodienoic
acid, OPDA) and JA metabolites. For these studies, LC-
ME/MS is the method of choice (Radhika et al. 2012; Van-
Doorn et al. 2011). Similarly, stress resistance investiga-
tors (profiling the main stress response actors such as JAs,
ABA and salicylic acid) generally use LC-MS/MS meth-
ods, which have been accelerated by coupling UHPLC,
rather than conventional HPLC, systems to tandem mass
spectrometers (Flors et al. 2008; Lopez-Raez et al. 2000;
Balcke et al. 2012). This strategy also increases sensitivity,
allowing successful quantification of target stress hormones
in milligram quantities of plant tissue samples.

Salicylic acid

Salicylic acid (SA:; Fig. 4} is an endogenous signalling
molecule that is predominantly active in plant immunc
responses to avirulent pathogens, but like other phyto-
hormones it 15 also involved in the regulation of several
developmental processes, especially flowening (Singh ct al.
2013). In most plants, pathogen attack, insect feeding and
other kinds of physical wounding tngger both local and sys-
temic resistance, mediated by the accumulation of defence-
related proteins at sites of infection/damage and healthy
tissues, respectively (Hammond-Kosack and Jones 20000,
On the molecular level, sccumulation of SA in cells leads
to the release of NPRI1 protein, activation of TGAI and
TGA? transcription factors and expression of pathogenesis-
related proteins (Pieterse and Van Loon 2004). To elucidate
their signalling roles, SA and its metabolites (including
methylsalicylate, salicylic acid glucoside and zalicylic acid
glucosylester) must be precisely quantified in plant tissues
by robust, sensitive analytical methods. HPLC with fluores-
cence detection has been successfully used for quantifying
SA, following a complex purification procedure (Meuwly
and Metraux 1993), in cucumber (Cucwms sativas L)
scedlings infected by Prendomonas lachrymans on the first
leaf. Free SA contents increased locally in the infected leaf
and systemically in the second leaf to 33-fold and 4.2-fold
higher than detcction limits, respectively, while remaining
undetectable in controls. Recently, another HPLC method
with fluorescence detection has been reported for quantita-
tive analysis of SA in tobacco leal tssucs (Verbemne et al.
2002). This methodology increased SA extraction recovery
from plant tissues by reducing SA sublimation dunng pun-
fication via the addition of a small amount of HPLC cluent,
resulting in recovenies in the range of 71-91 % for free SA
and 653-T9 % for acid-hydrolysed SA.

However, fluorometnic analysis cannot fully distnguish
SA and its metabolites from other plant components, par-
ticularly simple phenolics and phenylpropancids, which
might be present in infected plants and participate in
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discase resistance. Pantly for this reason, methods allow-
ing their precise, accurate determination based on analy-
ses of their molecular masses and specific daughter frag-
ments (tandem MS) or other analyte-specific approaches
have been developed. Initially, a method based on electro-
spray tandem MS coupled to capillary LC was introduced
to detect SA (together with JA and MeJA) in extracts of
fresh poplar leaves (Wilbert et al. 1998). In addition, a bac-
terial biosensor that 1s highly specific for SA, methyl-5A
and the synthetic SA denvative acetylsalicylic acid was
recently shown to be suitable for quantifying SA in crude
plant extracts (Huang et al. 2005}, Following increases in
its throughput, this approach was successfully applicd for
genctic screcnings for SA metabolic mutants and charac-
tenising enzymes involved in SA metabolism (Defraia ct al.
200%; Marck ct al. 2010). Another LC-MS/MS approach
has been applicd to study SA and JA levels in cucum-
ber cotyledons under biotic stress induced by the necro-
trophic pathogen Rhizoctonia solani {Segarra et al. 2006).
An LC-MS method has also been compared to a capil-
lary electrophoresis (CE) technigue, and wsed to study
SA and related phenolics in wild-type Arabidopsis plants
and two lines with mutations affecting SA accumulation
in response to two avirulent bacterial strains (Shapiro and
Gutsche 2003). Furthermore, in efforis w elucidate SA
metabolism Pastor et al. (2012) developed an LC-MS/MS
method that enabled them to identify two conjugates: sali-
cylic glucosyl ester (SGE) and glucosyl salicylate (SAG).
Their results also revealed that SA and its main glucosyl
conjugates accumulate in Arabidopsis thaliana in a time-
dependent manner, in accordance with the up-regulation of
SA-dependent defences following Pseudomonas syringae
infection. In addition to SA signalling, Belles et al. (1999)
found that gentisic acid, a product of SA hydroxylation, 1s
a complementary pathogen-inducible signal that is essential
for accumulation of several antifungal pathogenesis-related
proteins in tomato. Both gentisic and salicylic acids were
quantificd in S A-treated chamomile by a rapid UPLC-MS/
MS method onginally developed for analysing hydroxy-
benzoates and hydroxycinnamates in beverages (Gruz et al.
200%; Kovacik et al. 2009). SA was accurately quantificd
using deutenium-labelled intermal standards of salicylic
{3.4.5.6-[3H4]’J and 4-hydroxybenzoic {2.3.5.5—[3H4]’J acids
to account for ESI-MS signal trends, matrix effects and
potential extraction losses.

GC-MS5 has also been used o quantfy SA, afier deriva-
tisation {io enhance volatility and sensitivity) of the carbox-
ylic acid with diazromethane to form SA methylester (Scott
and Yamamoto 1004). The disadvantage of this method
is that it requires claborate sample preparation, from ca.
I g FW of tissue, including anion exchange and prepara-
tive HPLC. In 2003, Engelberth and co-workers intro-
duced a method for SA and JA analysis based on collecting
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derivatised and volatilised compounds on a polymeric
adsorbent and GC-positive i1on chemical ionisation-MS
using only milligrams of plant tissue. This method was later
used to explore changes in the metabolic profiles of SA,
cinnamic acid, JA, JAA, ABA, unsaturated CI1E fatty acids,
12-oxo-phytodiencic acid, and the phytotoxin coronatine in
Arabidopsis infected by P syringae (Schmelz et al. 2004).
However, this approach also requires both punfication and
derivatisation steps.

Strigolactones

Stngolactones (SLs) are the most recently described class
of plant hormones. They were onginally regarded as a fam-
ily of carotenoid-denived plant secondary metabolites (Xic
et al. 2000) with roles in signalling between organisms
{allelochemicals). Initially, they were of intercst due to
their action as sced germination stimulants of the root para-
sitic allelopathic weeds Orobanche and Siriga (Cook ct al.
1966, 1972). Sceds of these parasiics germinate only when
they perceive chemical signals produced by and released
from the roots of other (host or nonhost) plants. This ger-
mination-inducing activity of SLs was the basis of a sensi-
tive SL bioassay using Striga and Orobanche seeds (Joel
et al. 1995), and very recently a fast convenient method
for determining the germination rate of parasitic weeds

seeds has been reported (Pouvreaw et al. 2013). In 2008,
SLs were classified as a new group of plamt signalling mol-
ecules with endogenous hormonal activity due to involve-
ment in the inhibition of shoot branching (Gomez-Roldan
et al. 2008; Umchara et al. 2008). Earlier it was also found
that they are able to stimulate hyphal branching in mycor-
rhizal fungi (Akivama et al. 2005). To date, more than 20
compounds in this family of sesquiterpene lactones have
been identified from root exudates of vanous plant species
(Tsuchiya and McCourt 2009; Xie et al. 2010). The most
wiedl-known SLs are stngel and orobanchol (Fig. 7). Struc-
turally, all natural SLs contain a tncvclic lactone skeleton
{evcles A, B and C) bound to a butenolide moicty (ning [}
wvia an enol ether bond. The A and B rings bear vanous sub-
stituents (Swancnburg ot al. 2009),

A pionecening GC-MS approach for analysing SLs in
plant samples was introduced by Yokota et al. (1998). How-
ever, this method required time-consuming punfication of
extracts and TMS denvatisation. Furthermore, some SLs
partially decomposed dunng the procedures. An approach
for analysing strigol heptaflucrobuiyrate  denvatives
obtained from extracts of Striga asiatica host plants (maize
and proso millet) was subsequently developed (Siame
et al. 1993), based on electron impact (El} and both posi-
tive and negative chemical ionisation (C1) mass analyses
of HPLC fractionated samples. This method avoided some
of the previous problems, but the purification procedure
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was still extremely tedious and labour intensive. Another
two approaches for analysing SLs, based on LC-MS/MS,
have been published, with detection limits (in MEM mode)
ranging between (L] and | pg/pL of SLs (Sato et al. 2003,
2005). Most recently, Xie et al. (2013) reported an LC-MS/
MS procedure allowing structural elucidation of 11 SLs in
root exudates of tobacco and detection of four SLs in rice.
Motably, no SL profiling has been reported to date.

Hormone profiling

Since it is becoming increasingly evident that hormones do
not act scparately, but have highly interactive physiological
cffects and mutually affect each other's biosynthesis and
metabolism, there 1s iIncreasing interest in “hormone profil-
ing’, Le. analysing hormones of several classes (together
with their precursors and metabolites) in the same plant tis-
suc simultancously. This greatly increases analviical com-
plexity as it requires methodelogy capable of quantitatively
detecting chemically and structurally diverse subsiances
rather than a single targeted group of plant hormones. Since
many plant hormones are acidic, published methods have
often focused on these classes of compounds (Miiller et al.
2002; Schmelz et al. 2003; Durgbanshi et al. 2003). Hor-
mone profiling was first successfully applied, by Chiwocha
etal. (2003), in a study of thermodormancy where four CKs
and 10 acidic plant hormones (IAA, ABA, ABAGE, TOH-
ABA, PA, DPA and four GAs) in 30-100 mg DW extracts
of lettuce seeds were all measured by LC-MS, using a sin-
gle purification step and a 40 min chromatographic gradi-
ent. Pan et al. (2008) subsequently developed an LC-MS/
M5 technique (requiring no purification or derivatisation)
for simultaneous guantification of 17 plant hormones
including auxins, CKs, ABA, GAs, JAs, salicylates and
corresponding methyl esters in crude extracts of samples
(50-100 mg) of Arabidopsis plants that had been mechani-
cally wounded or challenged with the fungal pathogen Bot-
ryfis cimerea. Limits of quantification reportedly ranged
from 0.0] to 10 pgfg FW. In addition, a fast LC-MS/MS
method combined with an automatic liquid handling sys-
tem for SPE was recently used for simultancous analysis of
43 plant hormone substances, including CKs, auxins, ABA
and GAs in the nee GA-signalling mutants gid-3, gid2-
I and sir] to study relationships between changes in gene
expression and bormone metabolism (Kojima et al. 20007,
To enhance scnsitivity, a nanoflow-LC-MS/MS approach
has also been used to detect 14 plant hormones, following
a two-step purification procedure, in extracts of Arabidop-
sis and tobacco seedlings (laumi et al. 2000). The limit of
detection was found to be in the sub-fmol range for most
studied analytes. However, this method failed for the acidic
plant hormones, especially GAs. Capillary electrophoresis
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with laser-induced Auorescence detection (CE-LIF) has
also been applied in profiling, to simultaneously determine
plant hormones containing carboxyl groups, including
GA,, TAA, indole butyric acid (IBA), 1-naphthalens ace-
tic acid (MAA), 2. 4-dichloro-phenoxy acetic acid (2,4-D),
ABA and JA in crude extracts of banana samples (500 mg)
without further purification (Chen et al. 20011). Finally
(for this summary), 20 plant growth substances (including
IAA, ABA, CKs and structurally related purines) have been
determined 1n single chromatographic runs (Famrow and
Emery 2012). The methodology involved extraction from
100 mg samples of Arabidopsis thaliana leaves, purifica-
tion and analysis by conventional HPLC with a fused core
column. (JTRAP mass analyzer has been utilised here for
detection of sclected analytes. Reported detection limits
ranged from 2 pmol for zeatin-9-glucoside to 730 pmol for
IAA. High-resolution MS (HR-MS) is not yet widely uscd
for quantitative analysis of plant hormones, but will prob-
ably soon be employed for their routine quantification. An
HR-MS approach has already been applied to identify and
quantify a large number of endogenous phytohormones in
tomato frusts and leaf tissues (Wan Mealebroek et al. 2012).
The cited authors selected eight phytoho GA,,
IAA, ABA JA, SA, zeatin (not mentioned if trans- or cis-
), BAP and epiBL—as representatives of the major hor-
monal classes, and applied a simple extraction procedure
followed by UHPLC-Fourier Transform Orbitrap MS sepa-
ration and detection for hormonally profiling 100 mg FW
samples of the tomato tissues. The samples were extracted
in methancl water:formic acid (73:20:5) over 12 h, ultra-
centrifuged, then injected directly into an UHPLC system
equipped with Cg column of 2.1 x 50 mm diameter (par-
ticle size 1.8 pm) and coupled to a benchtop Orbitrap mass
spectrometer, equipped with a heated electrospray 1omsa-
tion source (HESI), operating in both positive and negative
modes. This technique provided detection limits of the ana-
Iytes ranging from 0,03 to 0.42 pofu L. Moreover, full mass
scans by the Orbitrap MS provided a dataset including
information on hundreds of matnx compounds. Therefore,
this metabolomic profiling approach might lead to the dis-
covery of compounds with no previously known hormonal
activitics or roles in plants. However, although HR-MS pro-
vides opportunitics to use nammow mass windows to exclude
interfening mainx compounds and sclectively analyse sub-
stances {Kaufmann 2002), Yan Meulebroek et al. (2012)
used a relanvely broad mass window of 5 ppm, to cnsure
that no compounds would be compleicly undetected.

Conclusion and perspectives

Analysis of plant hormones is very challenging because
they have extremely wide ranges of physicochemical
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properties, and plant tissues contain trace quantities of hor-
mones together with thousands of other substances at far
higher levels. However, there have been great advances in
analytical techniques used in diverse “life sciences™ dur-
ing the last decade. LC-MS has become the most versatile,
rapid, selective and sensitive technigue available for iden-
tifying and quantifying small molecules (Pan et al. 200%;
Wan Meulebroek et al. 2012). Thus, it is replacing all other
approaches in plant hormone analysis. New technologies
based on a unigue ion transfer device designed o maxim-
ise ion transmission from the source to the mass analyzer,
could further improve the sensitivity (typically the pn-
mary concern) of phytohormone measurements. Typical
gains obtained using such device include gencrally 25-fold
increases in peak areas and 10-fold increases in signal-to-
noisc ratios, which are highly valuable for phyvtohormone
quantifications. The next challenge could be to develop
robust technigues for extending the breadth of profiling,
including more phytohormone precursors and metabolites,
as well as those of other signalling molecules in plants.
LC-MS5/MS methods may be particularly usciul for this
as they afford capabilitics for simultancously quantifying
metabolites with diverse properties of both single and mul-
tiple phytohormone groups.

Even with further anticipated advances it will be
extremely challenging to quantify all phytohormones and
related compounds in a single LC-MS5/MS mun due to their
high chemical diversity and the inherent difficulty in distin-
guishing numerous metabolites that may have very simi-
lar chromatographic properties, share the same mass and
vield very similar fragments. The extremely high levels of
matrix compounds typically present in plant extracts com-
pound the problem. However, additional orthogonal separa-
tion techniques have been recently introduced that provide
high selectivity, further improve spectral quality, enhance
the gquality of acquired datasets and facilitate their interpre-
tation, thus surmounting some of the difficulties. Notably,
ion mobility separation (Eugster et al. 2012) and MS¥ have
been combined in a powerful new approach called high
definition mass spectrometry (Sotelo-Silveira et al. 2003),
which could generate more precise datasets from explora-
tions of endogenous phytohormone levels and their changes
during developmental processes in planis. The recent pro-
gress in analytical MS technologics could also cnable tis-
suc- and cell-specific quantifications as well as analyses of
levels of multple hormones in single plant cells or subcel-
lular comparimenis.
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Ulira performance liquid chromatog raphy
Tndem mass specrometry

A mobust, reliable and high-throwghput method for extraction and purfication of gibberellins (GAs), a
group of tetracyclic diterpenoid carbvetylic acids that inclede endogenowus growth homones, from plant
matenial was develsped. The procedure consists of two solid-phase extraction steps (Dasis™ MOX-HLE
and Dasis™ MAX) and gives selective enrichment and efficent clean-up of these compounds from
complex plant extracts The method was tested with plant extracts of Brassica mapus and Ambidopsts
haliana, from which total recovery of intemal standands of about 72% was achieved. A rapid baseline
chromatographic separation of 20 non-derivatised GAs by ultra performance liguid chromategraphy ts
alse presented where a reversed-phase chromatographic column Acquity CSH® and a mobile phase
conssting of methanol and aqueous 10 mM-ammoniem feormate 5 wed. This methed enables sensitve
and precise guantitation of GAs by M5/MS in mul tiple- reaction monitoning mode (MEM) by a standard
sotepe dilution method. Optimal conditons including final flow rate. desolvation temperature,
desolvation gas flow, capillary and cone voltage for effective lonksation in the electrospray lon sounce
were ound. All studied GAs were determined as free acids ghving domdnant quasi-molecular (ons of [M-
H|™ with limits of detection ranging between 0U08 and 10 fma and linear ranges over four orders of
magnited e Taking advant age of highly eflective chromategra phic se paration of 20 GAs and very sensitive
mass spectrometric detection, the presented bisanalytical method serves as a useful tool for plant
biologists studying the physiolegical rles of these hormones in plant deve lopment.

& 2013 Ekevier B All nghits reserved.

1. Introduction

Structurally, GAs possess either the ent-gibberellane (contain-
ing 20 carbon atoms), or a 20-norent-gibberellane (containing

Gibberellins (GAs) are a class of diterpenoid @rbocylic acids
present inplants and some bacterial and fungal speces, and which
inchide compounds that act as endogenous growth regulators in
higher plants. The main physiological effects of biologically adive
GAs inchide the induction of germination and flowering, stimula-
ton of stem elongation through enhanced cell division and
elongation, parthenocarpic (seedless) development of some Froit
in the absence of fertilisation and delay of senescence in leaves
and citrus fruits [1-3 ]

*Camespondence to: Institute of Ex perimental Botany Academy of Scences of
the Crech Repubilic vwi, Slechtitels 11 C2-783 1 Olomouc, Crech Republic.
Tel: 4420 58 563 4858, o 4420 58 563 4890,

E-mail add rewers: apoxsten@gmail com (T Urbanovd), tarkowska@ushcnor,
damase tarkowska@upoLor (D Tarkowes ki L ond rejno vak @upoloz (0 Novdk), peter.
hed den@nothamsisd ac uk (P Hedden | miro skwes trad @upolce (M Strmad §

! Thess authors mntributed sgqually to this work

0339408 =52 front matier & 2013 Ebevier BV, All rights reserved.
hitp: [ dax do Lorg/ 101016/j talainta 2013 D3 068

only 19 carbon atoms) carbon skeletons. The simplest examples of
Coo- and Cu-GAs are GAqz and GhAg, respectively, the latter being
formed biosynthetically from the former by loss of C-20 (Ag. 1)
The Cw-GAs indude the biologically active forms, which must
oontain an hydroxyl group on C-3f, a y-lactone between C-4 and
C-10 and a free carboy| group on C-6 for optimal binding to the
GIDM receptor, while hydroccylation on G2 causes loss of binding
and biological activity [4.5]. Mechanisms for GA inactivation, which
as well as 2fp-hydmxylation indude epoxidation on C-16-C-17,
methylation of the carboxgylic gmup and glucosylation, are neces-
sary for regulating the size of the pool of active hormone [6].
Gibberellins are present in plant tissues at very low concentra-
tions, normally in the range 0°-10""° molg™" fresh weight,
depending on the tissue. Therefore very high enrichment of the
GAs is essential prior to their detection by standard analytical
technigues. The extraction and preconceniration steps are often
tedious, labour intensive and time-consuming, comprising usually
ligquid-liquid extraction, solid-phase extraction (SPE) using general
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GA, G
FR=H R =0H

Fig 1. Stucures and biosynithetic relationship of the 2 GAs inchuding in this study, showing the enzymes responsible for each readion {above the armow). KAG: e
kaurenoic acid medase; GANIm: GA Aeoxdae; GA3ox: GA J-oxidase and GAZm: GA 2-owidase.

purpose sorbents, ion-exchange and high pedformance liguid
chmmatography (HPLC). ldeally, the extraction solvent should
extract the GAs efficiently, whilst the gquantity of interfering
substances extracted should be as low as possible. The extraction
efficiency of GAs depends on the ectent to which they are
assodated with such as phenolics, lipids, pigments or proteins.
The purification of plant extracts is then usually achieved by one of
two main approaches: either a combination of solvent partitioning
between water and ethyl acetate, strong anion-exchange chroma-
tography and Ciz solid phase extraction (SPE) followed by HPLC
fractionation |7.8], or liquid-liquid extraction can be replaced by
SPE step |9]). The low concentrations of GAs necessitate very

sensitive analytical tools, the most common appmaches involving
gas or liquid chromatography combined with mass s pectrometny
(GC-M5, LC-MS). Fioneering work on GA analysis by GC-MS
originates already from the 1960s [10-12] and this method is =till
widely used for both the identification and quantitation of GAs as
volatile methyl ester trimethylsilyl ether derivatives. The guanti-
tative analysis of GAs isusually achieved by isotope dilution giving
acrurate determination |13] Highly selective multiple reaction
monitoring (MRM] can be used to provide sufficient seledtivity in
quantitative analysis, which needs to overcome problems arising
from the ooourrence of many intefering compounds [14,15]. Since
the early 1990s, LC-MS is slowly replacing GC-MS as the routine
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Tabie1

Ghulated negative-ESl precursor jon mass spectra of authentic gibbersllin and
deuterium Lbellsd gibberellin stndards with specra normalised to the most
abundant product jon (bold entriss )

Compound Preqrsor on Hagnostic fragment
MM} jons mjz {relative inte ity %)
CAg 351 321 (40, 275 100), 257(45). 119(55)
[2H] -0y %5 F(I00). 31{ 70} 229(50), 158 50)
CAz 347 303(100), 25950}, 16370)
[*Hal-GAoa 349 3050 50). 261(100), 21920).173(10)
Ga 345 301(30). 23 100), 143(95)
[2Ha] =Gy 347 241{100). 143/15)
Ay 347 303( 50}, 250(100)
[Ha]-GA 348 261100}, 231(50) 143(5)
345 301(35). 257(80). Z39(40). 161(40
iS00y
[3Ha]-CAG 347 250(90), 241070}, 161( 20}, 1198{100)
Ghs v Z85(40). 241(20), Z23(25), 145(100)
[2Ha]-CAs a1 27100, 26890}, 24580 T2545), 145(70)
CAx I 27(100), 250(10 Z25(10), 219 15), 7350},
14X30)
[BH,-CAyy 333 289(100), 271(75)
GAn I 359(W0). II(HS), 259 5), 21515)
CAu 345 301(100). 27360} 157(501, 111{40)
[*Ha|-CAss 347 303(100), 25750)
G 361 3T 0). 27N 100). 25545). 229(45). 20360)
13340
[Ha]-CAsa 363 ZFS(100), 212070, WG 14N80)
Gy, 347 303( 25), 280(100), 241(35), 129(20)
[*Ha|-GAaa 349 0510} 261100}, 2020 201{10)
Gy o)) ZHT(100). 2437 51, NGO 182 20)
|2Ha] Ay am 288{100). 261{50)
Chq o) 287(5), Z2A00), 211{15), 68 10)
[*Ha] -G I 287 20, 225(100), 19510)
[ a1 150 200, 25775)
[2H]-CA, an 288 50, 280(100), 24550 21%30)
347 A00(100), H3(75), 23535 189)70)
[*Ha|-GAsa 349 AN T00). J05H0 ). 233 60)
Az 345 301 (90}, 25X 100), 21360}, 135(35)
[PHal-CAze 347 302( 207, 284(30), 250100), 21440 16 30)
Ghg 315 ZTU100), 253207, 121(10)
[*Hal-GAa an ZII00). 2570
[ 1% 205(40). 25100}, 22015). 185)50).
123(20)

[*Hz|-GAus el ZE7(15), 25901000, 157 A0), 123(30)

GA i MNA00Y, ZA(50)L 2ENE0) 2010200
|"Ha|=CAn et FIS 0] 2B 60, 220(50)
CApald EE I I00), 22X 7], 163 30}, 121010)

[*Ha -G 0l 3TF TFAI00), 257 10), 165251, 135(20)

analytical method for quantitative analysis of GAs [16-19] and is
now the most common analytical method |20], usually utilising
electrospray ionization-tandem mass spectrometry (LC-ES-MS/
ME) [9.21-24]. A separation method for GAs based on capillary
electrophoresis coupled to MS has also been described [25]
Importantly however, none of these methods has dealt with the
analysis of more than ten GAs in one chromatographic run
although from physiological perspective, there are at least
23 GAs already identified in the most studied model plant Arabi-
dopsis thaliana (Arabidopsis), while 12 GAs in rice (Oryzo sativa)
and 14 in oilseed rape (Brassica napus) have been identified in
these important crop plants | 26]. Although it is essential to know
the concentrations of the binactive forms of GAs (such as GAq, GAz
and GAs), knowledge of the concentrations of their precursors and
metabalites provides important information on GA metabolism
and its megulation by, for example, genetic or environmental
factors. In the present study, we report on the development of a
method for extraction and pre-concentration of 20 GAs as free
arcids (Table 1), and their quantitation by ultra performance liquid
chromatography (UPLC) followed by {—)ESI-MS/MS with limits of

detection ranging between 008 and 10 fmaol. The structures and
biosynthetic relationship of the analysed GAs are shown in Fig. 1.
The method was successfully applied for the quantitation of GAsin
B napus flowers by isotope dilution analysis [27].

2 Material and methods
21. Chemicals and reagents

Authentic gibberellins (GAq, Gz, GAs, GAs, Ghs, Gz, GAs, GAa,
Ghizand GAgz-aldehyde, GAqz, GAss, GAja, GAza, Ghzs, Glza, GAz 4.
GAss, GAsi and GAss) and their corresponding 17-*Hz-labelled
analogues were purchased from OIChemim (Olomouc, Czech
Republic). Tritum-labelled GAs ([1.2-*Hz|GA., |12-*H:z)GAs and
[1.2.3-*H3] GAza) were produced as custom synthesis by Amersham
Radiclabelling Services (Cardiff, UK) and in the case of | *H}GA; and
[*H JGAs were generous gifts from Professor Makoto Matsuoka
(Magowa University, [apan). Formic add { FA) and methanol (MeOH,
HPLC grade] were purchased from Merck (Darmstadt, Germany].
Deionised (Milli-0)} water obtained from a Simplicity 185 water
systemn (Millipore, Bedford, MA, USA) was used to prepare all
agueous solutions. All other chemicals (analytical grade or higher
purity } were from Sigma-Aldrich Chemie (Steinheim, Germany].

22. Biological materigl

Ambidopas thalione Columbia-0 {Arabidopsis) was grown for
4 weeks on soil at 22 °C, with an 18-h photoperiod, photon density
130 wE m™" 57", The winter cultivar of il seed rape plants Brassica
napus (L) var. napus £, biennis was grown in the field from August
to May when fully expanded flowers were harvested at different
tmes during the day. Detached Alowers of B. napus in 50 mL Falcon
tubes and whole shoots of Arabidopsis weighing 100 mg in L5mL
Eppendorf tbes were immediately immersed in liquid nitrogen
after harvesting, and then stored at —80 “C until preparation

23, Bamcion and puriffication of gibberellins

Frozen plant tissues (100 mg) were ground to a fine consistency
using a MM 301 vibration mill at a frequency of 30Hz for 3 min
(Retsch GmbH & Co. KG, Haan, Germany) after adding 1 mL of ice-
oold B0% AcCN containing 5% FA as edtradion solution and 3-mm
tungsten carbide beads (Retsch GmbH & Co. KG, Haan, Germany).
Internal standard mixture containing 50 pmol each of *Hy-labelled
GAs was also added to the samples. For optimisation of the purifica-
tion procedure, *H- together with *Hy-labelled GAs were used For
*Hdabelled standards we used 555 kBq each of [*H,JGA,, [*H2JGAL
and [*Hz|GAy,. The samples were extracted for 12 h at 4°C using a
benchtop laboratory rotator Stuart SB3 ( Bibby Scientific Lrd, Stafford -
shire, UK). The homogenates were then centrifuged (14 000 rpm,
10min, 4°C; Beckman fwanti™ 30} and the resultant pellets were re-
extracted in the same way for B0 min with mtation at 4°C The
oombined ed@ds were evaporated to the water phase in wecuo
(CentriVap™ Add-Resistant benchtop concentrator, Labconco Cormp.,
MO, USA) and purified using joint Oasis® MCX and Oasis™ HIB
cartridges (150 mg and 60 mg, respedively, both Waters, Milford,
MA, USA) acthated with MeOH and pre-equilibrated with 5%
agueous MeOH (vjv). The evaporated samples were dissolved in 5%
agueous MeOH (3 mL), loaded onto the joint cartridges, which were
washed with 575 mM FA(pH 3) and 5% aqueous MeOH (each 9mL).
The coupled columns were then run to dryness, disconnected and
GAs were eluted from the HIB carridge with MeOH/ diethyl ether
(20:80 wjv) (3mL). The euates were evaporated to dryness under a
stream of nitrogen using evaporation system TurboVap™ LV (Caliper
life Sdences, Hopkinton, MA, USA). The sample was dissolved in
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Plant tissue (100mg fresh weight)
Homogenisation
Extraction in B0% AcCM+5% FA

Evaparalion
o a waker phase

Wash 1: 6,76mi Fa,
Wash 2 5% MeOH
Activation with100% MeOH
) . Equilibration with 25mM NH,HCO,
MOt clethyisther. e 22 In NHHCO,
(20080, wiv) Evaparation umder

a slream of Filregen

UPLC-MSIM3 | 4

‘Wash with 100% AcCN

Elution with

15pL injection

" Evaporation to dryness in vacuo 0.2M FAin AcCN
Reconstilution in S0pL of 10mM
FA{aq)/MeOH (90/10)

Fig. 2 Scheme of extradtion and purification procsdure for GAs from plant tismues.

50pl of MeOH by vortexing and ultrasonication for 5min and made
upto 3 mL with 25 mM NH HOD, before loading onto Oasis™ MAX
palymer-based mixed mode columns. The sorbent in these columns
was firg adtivated with MeOH (3mL) and then equilibrated with
25mM MH:HCOs (6ml) before loading the sample. The MAX
columns were then washed with Ao (3 mL) and GAs eluted with
0.2M FA in Ao (3 mL), which was evapomted to dryness in vacuo.
The Visiprep™ Solid Phase Extraction Vacuum Manifold (Supelo™,
Bellefonte, PA, USA) was used for the purification stated above. If not
analysed immediately, the evapomted samples were stored in a
freezer (—20 °C) until UPLC-MS/MS analysis.

The radipactivity of *H-labelled GA standards during the
purification procedure optimisation was measured after addition
of a 50 pL aliquot from 3 mL sample to 3 mL of liquid =sdntillation
cocktail Ultima Gold™ using a multi-purpose scintillation counter
LS 6500 (both Beckman Coulter, Brea, CA, LUSA)L

24 IC-MSMS apparams

An Acguity UPLC™ System (Waters, Milford, MA, USA) consist-
ing of a Binary soheent manager and Sample manager coupled to a

Hevo™ T MS triple-stage quadrupole mass spectrometer (Waters
M5 Technologies, Manchester, UK} equipped with electrospray
(ESI) interface and the collision cell-SanWave™ was utilised for
GA quantitation. The entire LC-MS system was controlled by
Masslyns ™ Software (version 4.1, Waters, Manchester, UK).

25 UPLC-ESFMSMS conditions

The dried samples were reconstituted in 50 pL of mobile phase
(initial conditions), and 15 pl of each s=ample was then injected onto
the meversed-phase UPLC column { Acquity CSH™, 21 mm = 50 mm,
17 pm; Waters] coupled to the ESFMS/MS system. Gibberellins
weme analysed in pegative ion mode as [M-H]~, the produc and
precursor ions for each GA and *H-labelled internal standard are
listed in Table 1. The compounds of interest were separated in a
linear gradient of MeDH (A} and 10 mM FA (B) at a flow rate of
025mL min~", from 10:90 A:B (wjv) to 60:40 (v/v) over 15min
Fnally, the column was washed with 1008 MeOH (0,75 mL) and
equilibrated to initial conditions (10:90 A:B, wjiv) for 2.5min. For
retention time of each GA studied see supplementary Table 51.
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Fig. 1 Comparison of peak shape and peak-to- peak resoluton of two seleded GAs
GAg-1a, 1b and GAx-2a 2b) on column Acquity UPLC® (SH (salid line) and
Adquity UPLC*BEH column (dashed line)

The column was kept at 40 “C. Tandem mass spedra of all GAs
inchided in this study wemr acquired by continuous infusion
af 10~* maol L~! solution in MeOH at a flow rate of 15 gL min~".
Capillary voltage, cone voltage, collision cell energy, and ion source
temperatures were optimised for each individual compound using
the zame setup. The M5 settings were as follows: capillary voltage
15 kV, cone vaoltage 30 ¥, source temperature 150 °C, desolvation
gas temperature 650 “C, cone gas flow 2 L h~", desolvation gas flow
G50 Lh~" and collision cell energy 25 eV. MS data were recorded
in the multple reaction monitoring (MEM) mode, the dwell time
of each channel caloulated to provide 16 scan points per peak, with
an inter channel delay of 0.1 5. All data were processed by the
Masslyrmx™ Software (ver. 4.1, Waters).

3. Results and disoossion
31. Edmction and purification procedure

In order to quantify GAs, their precursors and metabolites in
plant tssue, the samples have to be firstly homogenised and
extracted with a suitable solvent under the conditions under which
these substances are stable and enzymatic degradation is mini-
mised The extaction and purification procedures should be per-
formed in solutions between pH 2.5 and 8.5 to avoid rearrangement
af the C/D rings and hydmton of the 16, 17-double bond {under
acidicconditions) and a reversible retro-aldol rearmngement result-
ing in epimerisation of the 3f-hydroxyl when present, and rearan-
gement of 12-detydm Cio-GAs (such as GAz) to the 19, 2fdadones
with a shift of the double bond (under alkaline conditions)
Furthermore, the solutons containing GAs (espedally agueous
ones) should not exceed 40 °C. The extradion of plant tissues with
an aqueous solution of organic solvent with higher water content
might be preferred due to the relatively low pigment content of
crude plant extracts, but more lyd rophobic GAs (e, Gla, Ggs, GA
and GA;y-aldehyde for instance) may not be effidently extracted
under thes hydrophilic conditions. We compared extradion of GAs

from homogenised biological material using ice-oold MeOH or
addified (5% FA] AcN, both with different water content, with
rotation to achieve high extraction efficiency. In order to determine
the content of the most abundant plant pigments in the extraction
solution, the levels of chlomphylls a (chl} and b (chl,) were
measured using a previously desoibed standamd spectrophoto-
metric method |28 Extracs of 100mg shoots from 3-week old
Arabidopsis were prepared in triplicate for each edradion solution.
In extracts prepared in 0-80% MeDH, the lewel of chl, ranged
between 278 and 2207mgL~", while that of chl, between 5.0
and 17.90 mg L~". When performing the same experiment with 0-
B0% AcN as the extraction solvent, the equivalent ranges were 1.5~
2226 mg L™ for chl, 268-1513mgL™" for chk,. Thus, 80% AcCN
extracted about 15% less interfering plant pigments than 80& MeOH
as the more polar chlorophyll chly, was extraded relatively less
effidently by 80% AcCN as compared to chl,. Furthermore, recovery
of *H-labelled GA standards after purification from extrads of green
plant material with acidified B0% AcdN was on avemge =73%,
compared with only 55% recoveries when the solvent was BOE
MeOH (data not shown). Comparing acidified 80% AcN and B0%
AcCN without addition of acid, we obtained similar losses during
purification for all GAs tested except the most hydrophobic, for
which recoveries of B0% were achieved after extraction with AcCN
with 5% FA compared to non-addified Ac (ca 60% recoveries).
Therefore, this latter solvent was used for tissue extraction in all
subsequent optimization procedures.

In general, the supernatants after centrifugation of the crude
extracts require further purification before analysis by standard
methods for the reasons mentioned abowve and also for prevention
aof contamination and owerloading the UPLC column. Gibberellin
isolation can be usnally achieved by SPE in one or two steps when
interfering compounds are not retained on the sorbent in a pre-
packed cartridge or they are washed out before the GAs are eluted.
Commercial Gy cartridges of different optional format and bed
sizes are suitable for purification of aqueous methanolic extracts to
effectively separate nonpolar impurities such as chlorophyll and
carotenoids from the GAs depending on sample weight and
volume of extract [29]. Recenty, polymer based hydrophilic-
lipophilic-balanced (HLB) reversed-phase SPE columns and mixed
mode cartridges have become increasingly popular [10,30,31).

We tested different purification schemes for our extracs in
addified 80% AcCM. All purification procedures were examined for
the matrix effect and the recoveries of the endogenous GAs, their
deuterium-labelled as well as tritium-labelled analogues in extracts
with and without biological background (100 mg 3-week old
seedlings of Ambidopsis 3 meplicates ). At first, we tested recovery
of GAs (free adds) on the cartridge commerdally prepacked with
polymer-based mixed mode anion-ecchange sorbent (Oasis MAX™,
Waters). The edmacts where evapomted to the water phase and
diluted in 25 mM MHsHODs:. GAs form negatively chamged ions in
this alkaline medium that would interact with the polymernic MAX
sorbent bearing positively charged tertiary amine groups (pR; = 18).
Under these experimental conditions, the recovery mean for GhAs/
|*Hz]4GAs was found to be about 70% except for the more hydro-
phobic GAs [ GAss, GAzs, Gha, GAys and GAyz) for which recoveries
vared between 20% and 57% (Table 52).

In case of GAg-ald, only 16% was recovered. It is probably due to
the fact that this very hydrophobic compound is not fully dissobheed
in aqueous MHsHCD: as loading medium. When using |*H]GA, [*H]
GAs and |*H]GAzg, the recoveries from the MAX column ranged
between 97 and 100%. Finally, we ealuated GA recoveries on MAX
sorbent to be satisfactory and suitable for further optimisation of
the purification procedure. Since the sample after MAX purification
was not suffidently pure for the subsequent UPLC-MS/MS analysis
(visible presence of some plant pigments residue), we decided to
examine some additional purification step prior to MAX In the first
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Talbe 2
Optimized ME mnditions for each of the amalysed gibberellins.
Compound  Disgnostic transition Confirmation transition”  Cone voltage (V) Collision energy (V) Dwell time (5] Ketention time window (min) Chamel
Cha 6T 275 363 119 ] 18 0150 400550 |
[*Ha|-Cha 365277 - ] i8 0150
GAx 347259 347300 E 15 02150
PHa-Chaa 348261 - 30 15 0150
[N 34529 345 W3 o 14 0290 80740 ]
[*Ha| -G 347> 241 - ] 14 0290
GA 347259 347300 n 18 0290 715-1.70 m
[*Ha-GA 349 261 - n 18 0290
Cag 345118 345 257 ) S 0250 A W0-R80 W
[*Ha-GAs 347118 - 0 ] 0250
Ch 329145 329 285 - 24 [RE] 1L7E-1125 v
[*H| -Gy 331287 - Fo 18 [EF]
CAm 331 287 331 2173 k7] 18 0335 T00-1165 wl
[*Ha|-4GAza 333289 - n 18 0335
GAn 377359 730 25 n LRE 1. 70-12.50 vl
A 345 A 345 773 k7] n 0190
PHalCAq 347303 - E] n Q140
CAis 361273 361> 317 n n 0240 1265-1100 vl
[PHy|Ghyg 363275 - n n 0240
G 347259 347241 E 17 0120 1295-1150 I
[PHa|-Ghas 388261 - ) 17 [EE
Ay 331287 331> 243 n i8 0120
[*Ha] -Gt 333289 - el 18 0120
Gy EF-ESCl 32 21 ] 18 0300 12951440 ®
[*Hal -Gt 331> 125 - o] i8 0300
GA, 3312257 3312487 n 4 0300 14301500 il
[*Ha-GA 333259 - n 24 0300
G 347329 34730 a5 ] 0300 15 20-1560 k|
[*Ha|-GhAsy 388331 - 5 S 0300
Gz 345 257 345> 30 5 ] 0300 1585 -16.35 i
[*Ha|-GAza 347259 - 35 25 0300
[ 35 = T 5 254 k7] n 0150 1R10-1670 WV
[%H|-Ghg T =273 - E7] n 0150
Cap 32 257 32 WS o] n 0150
[*Ha|-GAis 331259 - Erl n 02150
A EETES: Sk 331 287 5 n a1 17951880 E]
I*Ha|-GA 333 315 - E n 107
Gz N5 M N5 163 n n 005%
[*Ha|-GAz-ald 317273 - n 24 005%

* Optimised ME conditions {cone voliage, milision energy and dwell time) ane not shawn

instance, we dedded to test GA recoveries on Cyg SPE cartridges
(Bond Elut® CI8 Agilent Technologies) Silia-based C3 columns
were activated with 1008 MeOH and equilibmted by wltra pure
water. After a washing step (ultm pure water], GAs were eluted with
00E MeOH. This procedure gave overall recoveries of about 463,
In order to improve recoveries of GAs, polymeric Strata¥ sorbent
(Phenomenex, Torrance, CA, USA | was examined as an alternative
meverse-phase medium to Cz. Fundionalized polymeric sorbent
of Strata¥ allows generally strong retention even under high
organic wash conditions required when umsanted contaminants
including phospholipids and diverse pigments need to be removed,
while Ci sorbent offers strong hydrophobic retention with negli-
gible secondary polar intemdions from active silanol groups.
However, about 53% of GAs were washed out from the StrataX
sorbent when washing the carridge with 575 mM FA and 5%
MeOH, with only 33% recovered in the elution fradion. The
oondusion is that this polymeric reversed-phase sorbent is not
suitable for GA purification from plant extracts. C SPE cariridges
were evaluated also as unsuitable.

Finally, we tested a combination of polymer-based cation-
exchange SPE (Dasis MCX™, Waters) directly coupled to the last
generation reversed-phase SPE (Dasis HLE®, Waters). Gibberellins
are not retained on the negatively charged MO matrix,
which would remove alkaloids and other basic interfering sub-
stances from plant extracts. HLB is a polymeric eversed-phase
sorbent containing both hydrophilic and lipophilic ligands and
would be ecpected to retain GAs with a wide mnge of polarifies.

After evaporation of the extraction solution to the water phase,
the sample was loaded in 5% MeOH onto the MCX column pre-
equilibrated with the same solvent and coupled directly with HLB
column prepared in the same way The columns were disas-
sembled after the washing step and the sample containing GA
standards was obtained after washing the Oasis™ HLB artridge
with 575 mM FA followed by 5% MeOH and euting with an
appropriate organic solvent. MeOH and MeOH/diethyl ether {20/
B0, v/v) were investigated for their efficacy in eluting GAs from the
HLB cartridge. MeQOH diethyl ether gave about 17% higher recov-
eries than MeOH alone. Moreover, when used with plant extracts,
elution with MeOH/diethyl ether rather than MeOH improved
overall recoveries of the tested GAs in the system MCH-HLB
followed by MAX, from 37% to 72% (data not shown]. The MCX-
HLE procedure itself gave a recovery of about 75% with only a
small redudtion (about 10%) when tested in the presence of plant
extracts. Thus, the combined Oasis®MC¥-HLE columns were
judged to provide an effective and convenient enrichment of GAs
from extracts and were chosen as a first purification step before
anion exchange on Oasis™ MAX columns (Fig. 2).

32. Liquid chromatography

A solution containing a mixture of all unlabelled GA standards
(20 substances) and their deuterium-labelled analogues (1 com-
pounds) was prepared to find the optimal LC sepamtion conditions
for all 20 analytes in a single chromatographic run. For this purpose,
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Fig 5. MM ch

rames of GAps and GAgy stamdards (1A, B, Cand 34, B, C) and of the endogenme compounds in an extract of 100 mg Brasco napus flowers (24, B, C

and 44, B, C) in the pressnce of *H, -labelled inte=rnal standards. MS s pactra wene recorded under aptimissd mnditions for standard of GA (10, PH, JCA,; (1E) GA,, (3D)

and [*H,|GA,, (3EL

Table 3

Method validation —selected parameters of the UPLCMSMS method for 50 pmal of sdeced GAs beshed.

Compound Diagnostic tramsition  LOD® (pmal) 1007 (pmol) Remvery (%) Content (pmolmg ') Content SUF n Analytical precision (%) Analytical acuracy (%)

GAps 129257 006 w9 a0 0ns wm 6 233 11611
GAgy 345 257 006 ax 45 [ilij] Lili i} 6 112 el
CAy 331 = 287 004 4 78 opn4 X 6 168 11932
GAz 3523 0in LiLie} L] 05 1077 Q2 =107 & 382 074

* limit of detedion 100, LOD=(3 = § )& whene & i standard deviation of alibration squation and k i its slope.
B Limit of quantifiction (10 LOQ = (10 = § /&), where £, i standard deviation of calibration equation and k is its slope.

© Standard deviation.

two reversed-phase UPLC (RP-UPLC) columns (21 = 50 mm,
1.7 pm), Acguity UPLC® BEH (Ethylene Bridged Hybrid) Ciz and
Acquity UPLC® CSH (Charged Surface Hybrid) (both from Waters )
were tested. The peak shape and the ionisation effidency were
found to be acceptable when using MeOH and 10mM HODOH as
sohlvents A and B, respectively. Uinder these conditions, the Aoguity
UPLC® CSH column gave better peak shape and peak-to-peak
resolution compared to the BEH column (Fig. 3).

The retention times m@anged bebween 43 min (GAz) and
18.3 min (GAjz-aldehyde) - Table 51. As expeded, each unlabelled
analytejdeuterated intemal standard couple co-eluted with very
close retention times, usually the deuterated analogue elted
earlier than the unlabelled standard (data not shown) due to the

chromatogrmphic isotope effect |32 ]. Sixteen of the 20 GAs studied
were fully resolved under the RP-UPLC conditions (Fig. 4).

Only members of the pairs GAzg (mfz 347)/GAs; (mfz 331) and
Ghg (miz 315)/GAss (mjz 329) were not resolved and co-eluted
completely, while it was not possible to achieve baseline separa-
tion of GAgz and GAss. However, these GAs can be distinguished by
the M5 detecor. Under our optimised conditions the stability of
the retention times had a coefficient of variation bebween 0.60%
and 0LB2% (n= 20} which is satisfactory. The mean of chromato-
graphic peaks width of the studied compounds was 02505 min,
which comesponds to a dwell time of about 0.93 5 to reach the
minimum required 16 data points per peak as a data sampling
rate suitable for repmducible integration. Dwell time values for
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appropriate analytes are listed in Table 2. Further, due to low
lnading capacity, it was possible to achieve ewellent peak shape
for all the amalytes in selected low ionic strength mobile phase and
rapid mohbile-phase re-equilibation.

33 MSMS detection

Sohtions containing mixtures of sandards, comprising the
unlabelled GAs and their respective deuterium-abelled internal
standards were uwsed to identify the appropriate precursor-to-
product ion transition for each compound using [ — JESI-MS/MS.
All investigated GAs provided the backgmund-subtracted ESI™
spectra exhibiting [M-H]™ as base peaks, but varied considerably
in their fragmentation pattern. Mevertheless, some fragmentation
rules could be found Twehe of the 20GAs studied have 19
carbons and 10 of these C5-GAs with no internal double bonds
give the diagnostic or confirmation losses of 88 (000~ plus 00-0
from ring A} or 44 (000~) mass units from their precursor ions
|M-H]™ (see Table 2). On the other hand, two Cia-GAs containing
double bond (GAz and GAz ) give the diagnostic transition corre-
sponding to the loss of 106 mass units, reflecting the loss of water
(18 m/z], in addition to the 88 mz fragment deavage. In the case
af the Cax-GAs, only three GAs (GAqz, GAsz and GA ) from eight
show the same fragmentation pattern, losing water from the
precursor ion |M-H]~ In half of the Cuxp-GAs (G Ghas, Ghgg
and GAys), the loss of a (Hs group from C-4 ocours as the second
most significant fragmentation route. The Cux-Ghs GAgs and Ghgs
behave in the mass spectrometer as Cig-GA, e, give the ions 273
and 257 as the most abundant fragments after loss of mfz 88 from
the precursorions |M=-H]™ 361 and 345, respectively. It is possibly
due to the presence of the aldehyde functional group at C-10 that
might stahilise the gibberellane skeleton and allow the deavage of
bath carbocoyl groups from the molecule. The double deuterium-
labelled counterparts at C-17 posiion show no difference in
fragmentation pattern compared to their unlabelled analogues.
Based on the mass spectra obtained, the guasi-molecular ions
|M-H]~ and the maost intensive frazment ions were selected for
mass spectmmetric detection in MEM maode (Table 1). The entire
chromatographic mn was then divided into 15 retention windows
(channels I-XW), each characterised by defined MRM functions for
appropriate analyte (Fig. 4). Examples of mass specra of the
diagnostic product ions are shown in Fig. 5. Interestingly, the
intensities of GA product ions are lower than those of their
deuterated GA counterparts (see Fig. 5-1D vs 1E and 3D vs 3E)
To our knowledge, there is no such effect descibed in the
litemture. We might speculate that higher intensity of product
ion is related to lower stability of precursor ion containing
deuterium

34 Moethod validetion and applicoton

The newly dewloped UPLC-MSMS method was  tested
by analysing the levels of endogenous GAs in samples of different
biological origin: shoots of A theima and flowers of field-grown B
napus. To create calibmtion cunes, eight solutions containing varying
amounts of each unlabelled GA and a known, ficed amount of the
oomesponding deuterium-labelled intemal standard (15] were pre-
pared as fiollows: 0.098/15; 0.5/15; 1/15; 15/15; 3/15; 5/15; 75/15 and
1015 (endogenous(internal standard; walves in pmolf15pl)l The
mesulting calibmtion curves from four separate injections were esab-
lished to be linear in the seleced concentration range for all 20
endogenous compounds investigated ( comelation coefident B values
appeared in the interval 09965 to 099495, see Table 51) For GAg, in
the absence of a deuterinm-labelled analogue, |2I-hhﬁhu was found
to be an appropriate intemal standard on acoount of ther wery dos
chromatographic  behaviour and linearity of the |*Ha|GAg./GAs

calibmtion curve The linear range for all calibration curves was shown
to be four orders of magnitude The limit of detection (LODY) was
ealuated using the appmach based on the standamd deviation s of
the calibmtion ourve and the slope k of a regression curve
(LOD=3 « 5k} |49]. The LODs for selected GAs are summarised in
Table 3. The limit of quanttaton (L)) was evaluated using the
standard-deviationslope mtio approach (LOQ=10 = 5k} [33 | and it is
indicated for 4 selected GAs in Table 3.

We tested different concentrations of 1S (10-100 pmol )} added
into the extaction media and found 50 pmaol to be the most
appropriate for all GAs investigated in tissues containing chlor-
ophyll and other plant pigments. Addition of 10pmol of GAs IS5
gave also satisfactory recoveries (oca 80%), however only in case of
biological material without plant pigment present (seeds, data not
shown ). Therefore, 50 pmaol of each |15 was added to the samples
before purification. The plant extracts were purified by SPE (MCx-
HLB followed by MAX), concentrated in vocuo and the GAs were
quantified by LC-MS5 as described above.

The analytical accuracy of the UPLC-MS/MS method was
evaluated by spiking sample aliquots {100 mg of plant tissue in
1 mL of extraction solution, 6 replicates] with known amounts of
individual compounds (50 and 75 pmol GAss/[*Hz FGAs, Ghas/
[*Hz FGAzs, GAs/[PHz]-GAs and GAs/[*Hz]<GA:z) prior to sample
purification. The assessment of analytical acouracy mnged within
107 and 120% of the true amounts value (Table 3. The analytical
precision was determined in the range of 11 and 38% for the
4 above-mentioned GAs selected (Table 3).

4 Conclusion

In this report, we describe a method for the simultaneous analysis
of 20 GAs, which have been identified in Ambidopsis, the mos
frequently used model plant. The developed UPLC- ESI-MSME met hod
is based on effective chromatographic sepamtion combined with a
suitable extraction and purificaion procedure for plant samples. The
sohvent extraction prooess followed by bwo solid-phase based proce-
dures, allows these 20 GAs to be isolated effectively and mpidly from
plant material This method was then successfully applied to the
analysis of biologically acive GAs, their metabolites and precumsors in
B napus flowers and Arabidopsis shoots. The developed LC-MSMS
method offers a fast separation, high chromatographic resolution, with
sufficent seledtivity and a mtisBoory sensitivity for studying the
distribution of GAs and their physiological mles in plants.
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Abstract
Main condusion We showed that wild pea seeds contained a more diverse combination of bicactive (As and had
higher ABA content than domesticated peas.

Abstract Although the role of abscisic acid (ABA) and gibberzllins (GAs) interplay has been extensively stodied in Arabi-
dopsis and cereals models, comparatively little is known about the effect of domestication on the level of phytohormones
in legume seeds. In legumes, as in other crops, seed dormancy has been largely or entirely removed during domestication.
In this study, we have measured the endogenous levels of ABA and GAs comparatively between wild and domesticated pea
seeds during their development. We have shown that wild seeds contained more ABA than domesticated ones, which could
b important for preparing the seeds for the period of dormancy. ABA was catabolised particularly by an B°-hydrox ylation
pathway, and dihydrophaseic acid was the main catabolite in seed coats as well as embryos. Besides, the seed coats of wild
and pigmented cultivated genotypes wene characterised by a broader spectrum of bioactive GAs compared to non-pigme nted
domesticated seeds. GAs in both seed coat and embryo wen: synthesized mainty by a 1 3-hy droxylation pathway, with Gagg
being the most abundant in the sced coat and GAgqg in the embryos. Measuring seed water content and water loss indicated
domesticated pea seeds” desiceation was slower than that of wild pea seeds. Altogether, we showed that pea domestication
led to a change in bioactive GA composition and a lower ABA content during seed development.

Keywords Desiccation - Legume - Maturation - Phytohormones - Pigmentation - Seed-coat
Abbreviations Introduction
DAP  Days after pollination

GAs Gibberellins

NCED  9-cir-Epoxycarotenoid dioxygenase

The seed consists of an embryo and an endosperm (result-
ing from double fertilization), which are enclosed in a
maternally derived seed coat. In legumes, the seed coat and
endosperm develop first, followed by the development of
embryo (Weberet al. 20035). The endosperm is present only
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during early seed development and provides nutrients for
the developing embryo. However, by approximately |7 days
after pollination (DAP), the expanding embryo consumes
the endosperm, and most of the seed comprises the grow-
ing embryo (Ribalta et al. 2017; Zablatzka et al. 2021).
Mevertheless, to develop successfully, these three compo-
nents must communicate with each other to coordinate their
growth (Ochatt and Abirached-Darmency 2019). Growth is
the result of a balance between many promoting and inhibit-
ing factors, including plant hormones.

The seed development comprises three phases: histodif-
fercntiation, maturation and desiccation, interlaced with

&1 springer
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two lag phases (Hedley and Ambrose 1980). During his-
todifferentiation, the embryo is produced through cell divi-
sion and differentiation. After these events, cell expansion
and deposition of stored meserves take place (maturation).
Seed maturation is & physiclogical process accompanied by
changes in levels of certain plant hormones, mainly gibberzl-
lins (GAs) and abscisic acid (ABA). Early embryo growth is
mainly maternally controlled, and the transition into matura-
tion indicates a switch to filial control. Finally, seed devel-
opment terminates during maturation, and the seed enters
a quizscence associated with a rapid decline in seed water
content (Weber et al. 2003).

In legume seeds, physical dormancy develops during the
later pericd of seed maturation. Physical dormancy (hard-
seededness) is characteristic of an impermeable seed coat,
which does not allow water and gases toenter the sced. The
mechanism underlying this phenomenon is not yet folly
explained. However, it was shown that not only the seed
coat thickness but also sced coat texture and biochemical
and chemical composition are crucial components of this
complex seed trait (Hradilova et al. 2017; Janska et al. 2019;
Zablatzka et al. 2021). Unlike physiological dormancy,
physical dormancy is not based on ABA and GAs balance.
However, the model legume Medicago truncatula exhib-
its both physical and physiological dormancy (Ochatt and
Abirached-Darmency 2019).

ABA iz a sesquiterpene influencing many aspects of the
plant lifecycle, including seed morphogenesis as well as ger-
mination. In the seed, the ABA hormone level results from
transportation from the mother plant through the phloem
and synthesis in the seed itself (Ali et al. 2022). Karssen
etal. (1983) showed that ABA is synthesized especially dur
ing seed maturation, first in the seed coat and then at lower
levels in the embryo and endosperm. The lkevel of ABA
decreases during desiccation and becomes melatively low in
dry mature seeds.

ABA action in the sced has been shown to be the result
of ABA synthesis, catabolism, transport and sensing (Ali
etal. 2022). In plants, ABA is synthesized from a C 4, carot-
enoid precursor via oxidative cleavage. The first oxy genated
carotenoid precursor, zeaxanthin, is converted by zeaxan-
thin epoxidase (ZEP) into all-frans-violaxanthin and then
to frans-neax anthin, which are isomerized into the reguined
cis-forms (Northet al. 2007). The subsogquent reaction lead-
ing to the next ABA precursor, xanthoxin (C) ). is catalyzed
by Q-cis-cpoxycamicnoid dioxy genases (NMCEDs), which ane
key megulators of ABA synthesis. Xanthoxin is then con-
verted to abscisic aldehy de by a short-chain dehydrogenase/
reductase (SDR 1), and finally, the abscisic aldehyde is oxi-
dized to ABA by abscisic aldehyde oxidase (AD) (Nambara
and Marion-Poll 2003). Inactivation of ABA can be achieved
by its owidation at the C-T', 8 or C-%" positions (Schwartz
and Zeevaart 2010). The hydroxylation at the C-8' position

&1 Springer

produces unstable 8-hydrony-ABA (8-OH-ABA) that
ispmerizes spontanecusly to phaseic acid (PA) and can be
further reduced to dihydrophaseic acid (DPA). Hydroxyla-
tion at the 7" and 9" positions gives 7'-hydroxy-ABA (7-0H-
ABA) and 9-hydroxy-ABA (9-0H-ABA), respectively.
9-0H-ABA cyclized to neophaseic acid (neoPA) (Zhou
et al. 2004). ABA may also be inactivated by conjugation to
glucose, producing a stored/transport form, the ABA glyco-
syl ester (ABA-GE) (Schwartz and Zeevaart 2010). ABA-
GE can be comverted back to free ABA by fglucosidases
(BGs) (Lee et al. 2006).

Both ABA and its cross-talk with other hormonzs and
signalling molecules are crucial for seed development (Ali
et al. 2022). GAs are known especially as growth-promoting
plant hormones. Moreover, it was shown that bioactive GAs
act as key mediators in growth responses to environmental
cues (for example, light and temperatun:).

GAs ar a family of diterpenoid carbonylic acids consist-
ing of either 19 or 20 carbon atoms (Tarkowski and Strnad
2018). Among more than 130 known GAs, only a fow are
endogenous bioactive substances that control a wide range
of plant growth and developmental processes, including seed
germination. The major biologically active GAs are GA;,
G GAy, GA 5 GA and GA; (Yamaguchi 2008). The other
GAs ame either their inactive biosynthetic precursors or cat-
abolites. Thus, the concentration of bivactive GAs is dewer-
mined by the balance in their de nove biosynthesis and deac-
tivation. In higher plants, GAj; is a precursor for all GAs
which is produced by the oxidation of GA | ;-aldehyde by
the enzyme ent-kaurenoic acid oxidase (KAO) (Hedden and
Thomas 2012). There are two bicsynthetic pathways leading
to bioactive GAs: the 13-hydroxylation pathway (leading to
the production of GA; and GA ;) and non-13-hydrox ylation
(leading to the production of GA, and GA5) (Reinecke et al.
2013). The eneymes GA M-oxidase and GA 3-oxidase are
msponsible for subsequent conversions of GA precursors
and the production of bioactive GAs, respectively. The main-
tenance of the level of bioactive GAs is regulated by the
action of GA 2-oxidase (Hedden and Thomas 2012).

Although the phytohormones stand behind the semi-
dwarf varicties developed during the Green Revolution,
their role in the carly stages of the domestication process
has not been studied so far. Since sccondary metabolites
pathways have often been altered (Alseekh et al. 20210, it is
highly likely that phytohormone kevels wen: also changed.
Domestication affected many aspects of the plant lifecycle
(Smykal et al. 2018), including seed development. Particu-
larly seed dormancy has been largely or entirely removed to
allow the crop’s rapid establishment. This is also the case
with begumes (Smykal et al. 2014), but its effect on the hor-
mone profiles of developing seeds of wild and cultivated
pea (kegume) genoty pes remains unknown. The aim of the
present study was to investigate the role of ABA and GAs
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inembryo and seed coat development in wild and domesti-
cated pea seeds. This might shed new light on understanding
the differences in seed development in these accessions and
provide a picture of the dynamics of pea sced development.

Materlals and methods
Plant material

In these experiments, wild Pisum elatius M. Bieb. (J11794,
Israel origin), cultivated Pisum satfvwm L. (1192, Afghan
landrace) acquired from John [nnes Pisum Collection (Nor-
wich, UK), and the cultivated P sativim cv. Cameor from
INRAe France, used for the pea reference genome (Kreplak
et al. 2019), were used. In addition, for seed water content
and water loss measurements, wild 1164 pea (Turkey origin)
was used instead of 11794, Plants were cultivated and sam-
pled as described in Zablatzkd et al. (2021). The embryo and
seed coat samples wen: collected at four time points: 13, 17,
23 (mid-development) and 28 DAP (mature seed), which
wen: marked as developmental stages 1, 2.3 and 4. mespec-
tively. At developmental stage: |, embryos of 1192 and IT1794
were not available in sufficient amounts and were thus not
analyzed. Respective developmental stages were collecied
on several different days (i.e., the biological replicates). The
sced coats and embryos of the same age (ic.. at the same
El.n'cln‘pmcntal stagc] but collected on different days wene
combined into onz sample to cover the biological variation
between different individuals and days of collection. Then,
the sample was divided into three aliquots (replicates) for
MEISIMEments.

Isolation and analysis of ABA and its metabolites

Samples were extracted, purified and analysed according
to & method described in Tureékova etal. (2009). Briefly,
20 mg of plant tissue per sample was homogenized using
a bead mill (27 Hz, 10 min, 4 °C; MixerMill. Retsch
GmbH, Haan, Germany ) and extracted in | ml of ice-cold
methanolw ate o/ acetic acid (10VBW 1, by vol.) and internal
standard mixtures, containing (-)-777",7- 2Hﬂ:nl't.m:il:‘ acid;
(-}-7"7"7-"H - dihydrophascic acid; (-8 .8",8-"Hs-ncopha-
seic acid; { +1-4,3,8"8 B H-ABA-GE; (-)-3.8,8 8- H 7~
OH-ABA (Mational Research Council, Saskatoon, Canada)
and (+)}-3.5.5"7.7"7-"H,-ABA (01ChemIm, Olomouc,
Czech Republic). After | h of shaking in the dark at 4 °C,
the homogenates were centrifuged (20000 g, 10 min, 4 °C).
and the pellets were then re-extracted in 0.3 ml extraction
solvent for 30 min. The combined extracts were purified by
solid-phase extraction on Oasis® HLB cartridges (60 mg,
3 ml, Waters, Milford, MA, USA), then evaporated to dry-
ness in a Speed-Vac (UniEquip, Planegg, Germany) and

finally analysed by UHPLC-ESI(-»MS/MS (Waters, Man-
chester, UK ).

Isolation and analysis of gibberellins

The sample preparation and analysis of GAs were performed
according to the method described in Urbanova et al. (2013)
with some modifications. Briefly, tissue samples of about
5 mg (fresh weight, FW) wem ground to a fine consisency
using 2.7-mm zirconium oxide beads (Retsch GmbH) and
a MM £00 vibration mill (Retsch GmbH ) at a frequency of
27 Hz for 3 min with | ml of ice-cold BD% acetonitrike con-
taining 5% formic acid as extraction solution. The samples
wene then extracted overnight at 4 °C using a benchtop labo-
ratory rotator Stuart SB3 (Bibby Scientific Ltd., Stafford-
shire, UK) afier adding internal gibberellins standards ([*H,]
GA |, PHIGA, PHIGA,, [HIGA . PHLIGA,, [PHIGA 1,
[H2IGA D, ["HoI0A 2. [H:]GA . ['HiGA, ['HilGA,
[*H,]GA; and [*H,]GAg;) purchased from O hemlm.
The homogenates were centrifuged at 36 670 g and 4 °C for
10 min, with the corresponding supernatants further puri-
fied wsing mized-mode SPE cartridges (Wakers, Milford,
MA, USA) and analyzed by ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS
MS; Micromass, Manchester, UK). GAs were detected using
2 multipke-meaction monitoring mode of the transition of the
ion [M-H]™ to the appropriate product ion. Masslynx 4.2
software (Waiers, Milford, MA, USA) was used to analyze
the data, and the standard isotope dilution method (Riten-
berg and Foster 1940 was used to quantify the GAs levels.

Measurement of seed water content and water loss

Pea seeds wem collected at five different developmental
stages (13, 17, 23, 28, and 33 DAP, labeled as 1-5). Water
loss experiments were performed according to Ranathunge
et al. (2010) with few modifications. At the beginning of the
experiment, FW of each seed was determined. Ten seeds of
each stage were placed on a plate (Suppl. Fig. 51) and put
into a glass desiccator filled with 400 g of freshly dried silica
gel. Relative humidity in the desiccator was 4.9% £4.4%,
measured with a humidity logger (Comet System, Rodnov
pod Radhodtém, Ceech Republic) during the whole experi-
ment. Seeds wene weighed every hour for 5 h. All measure-
ments were averaged and converted into percentages of seed
FW. After water loss analysis, all seeds were dried in an oven
at 103 °C for 17 hand dry weight (DW) was moasuned. Seed
waler content was calculated as the difference between scod
FW and [IW. The water loss rate was calculated as an aver-
age water loss per howr in % of FW. Data were caleulated
from 2 to 3 runs (measured in 302X and 2021). cach com-
posed of 20-40 replicates per developmental stage. Experi-
ments were performed at room temperature (around 23 C).

&1 springer
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RNA sequencing

Frozen seed coats and embryos collected at four develop-
mental stages 13, 17. 23 and 28 DAP (labelled as 1, 2. 3
and 4, respectively) were ground to a fine powder with lig-
uid nitrogen, and total RNA was isolated using PurcLink™
Plant RNA Reagent (Thermo Fisher Scientific, Waltham,
MA, USA). Residual DNA was removed by Baseline-ZERO
DNase (Epicenter, Madison, WI, USA) t followed
by phenol/chloroform extraction. The RNA integrity of the
samples was checked with an Agilent 2100 Bioanalyzer
(Agikent Technologies, Palo Alto, USA). RNA sequencing
was performed using [llumina NovaSeq platform performed
by Novogene Ltd. (Cambridge, UK). The bioinformatics
analysis of RNA-sequencing data was done as described in
Balarynova et al. (2022). The expression level was normal-
ized as FPKM (Fragments Per Kilobase Million).

Statistical analysis

Since the data were not normally distributed, a distribu-
tion-independent test was used. Statistical analysis was
performed by the Kruskal-Wallis test with the following
post hoc non-parametric multipke comparisons (Siegel and
Castellan 1988) at 2 0.05 significance level using R 4.0.2.
(R Core Team 2020).

Results

ABA is detected especially in the embryo,
and dihydrophaseic acid is its predominant
degradation product in pea seeds

The kevel of ABA was determined in the dissected seed coats
and embryos of cultivated (Cameor, J192) and wild (J11704)

(a)
5200
—a—Camecr
— ]
e ——1 798
2 e
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1000 " b : v
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2 3
developmental stape

Fig.1 ABA lewels in seed coats (a) and embryos (b) of cultivated
(Cameor and J192) and wild (J11794) pea genotypes during the seed
development. Data expressed means+SD of thme measurements.
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pea genotypes, as shown in Fig. I. The ABA contents in
Cameor and JI92 seed coats were quite stable during devel-
opment, while the ABA level in the seed coat of JI1794 (the
wild pea) was higher than those of Cameor and J192, and it
decreased with the developmental stage. On the contrary,
in the embryo. the ABA level inc: d with develop
particularly in Cameor. Interestingly, the amount of ABA
in JI17%4 embryos decreased markedly after the 3rd devel-
opmental stage, whik for JI92, the ABA content decreased
constantly and progressively as the embryos matured. In our
growth conditions, seeds were completely at
28 DAP (4th developmental stage).

To monitor the changes in ABA level in a broader context,
the profiles of ABA metabolites were analysed during pea
seed development as well (Fig. 2, Suppl. File S1). We found
that DPA, which is produced from PA by 8- hydroxylation
pathway (Fig. 2g), was the major catabolic product in both
seed coats and embryos, whereas neoPA, the product of the
9-OH pathway, was the least abundant. Moreover, the levels
of DPA correspond with levels of ABA in both tissues of all
genotypes (except seed coats of J192, which did not contain
DPA at the 3rd and 4th developmental stages). In seed coats,
PA was detected in the 1st and 2nd developmental stages of
Cameor and JI64, while in JI92 it was found only in the latter
stage. Similarly, in embryos, PA was identificd in all studied
developmental stages of Cameor and JI64, while in JI92 it
was found only in the last developmental stage. On the other
hand, 7*-hydroxy-ABA (7-OH-ABA) was not detected in
J192 seed coat.

q

GA, and the gibberellins of the 13-hydroxylation
pathway prevailed in the developing pea seeds

As mentioned above, not only ABA but also GAs play an
important rok during seed development. For this reason,
the level of bioactive GAs, their biosynthetic precursors and

(b)

10000

ab aL

1 2 3 e
devaiopwantsl stage

Different letters indicate significant differences (P=005) between
developmental stages of each genotype by the Kruskal-Wallis test
with the following non-parametric multiple comparison st
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Fig.2 Quantitication of ABA glycosyl ester (ABA-GE), phaseic acid
(PA), dihy drophaseic acid (DPA), 7-hydroxy-ABA (7-OH-ABA) and
neophaseic acid (neoPA) levels in the seed coats (a-c¢) and embryos
(d-1) in the developing seeds of Cameor (a. d).J192 (b, e) and J11794
(c.I) peas. Datz expressed mean +SD of three measurements. Ditfer-

catabolites were determined in developing seed coats and
embryos of both cultivated (Camcor, J192) and wild 011794)
peas.

In accordance with the literature (Garcia-Martinez et al.
1987; Gracbe 1987), GA; was found to be the main bioac-
tive GA in the developing seeds of all three pea genotypes
(Fig. 2). Besides GA,, also other bicactive GAs such as GA;
(from the 13-hydroxylation pathway), GA ; and GA; (from
the non-13-hydroxylation pathway) were detected (Fig. 3),
especially in the seed coat. Interestingly. the seed coat of
the pigmented pea genotypes (J192 and J11794) contained
a more diverse combination of bioactive GAs than the seed
coat of the non-pigmented cultivated Cameor seeds. Moreo-
ver, the seed coats produced more variable bioactive GAs
than the corresponding embryos (Fig. 3).

Unlike ABA, the level of GA, was found to be higher in
the seed coat than in the embryos of all studied genoty pes
(except forembryos of J192 in the 3rd developmental stage).
The amount of GA| in sced coat of all studied genotypes
tended to be highest in the 2nd developmental stage, then it
decreased when reaching later developmental stages. On the
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ent letters indicate signiticant ditferences (P=0.05) between develop-
mental stages of particular metabolie by Kruskal-Wallis test with the
following non-parametric multiple comparison ®st The scheme of
ABA inactivation (g)
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Fg.3 The bicactive GAs detected in developing seed coat and
embryo of cultivated (Cameor, J192) and wild 011794) pea genotypes
at four developmental stages (I-4). The heatmap is based on average
gibberellin content {(pmo¥ig FW). ND not detecied
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Fig.4 The level of GA; during the development of cultivated
(Cameor, J192) and wild (11794) pea seed coat (a) and embryo (b).
Data expressed mean+SD of three independent measurements. Dif-

contrary, the level of GA | in the embryos was the greatest in
the 3rd developmental stage (Fig. 4).

GAs in both seed coat and embryo were biosynthesized
mainly via the 13-hydroxylation pathway (Fig. 5). In our pea
samples, GA; biosynthetic precursors GAsz, GAss. GAqg.
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ferent letiers indicate significant differences (P=0.05) among devel
opmental stages of each genotype by Kruskal-Wallis kst with the fol-
lowing noa-p muitiple comp test

GA . as well as GAy degradation product GAz were found
(Fig. 6). Notably, GA,y was the most abundant gibberellin in
the seed coat of all three studied pea genotypes, whik GA;,
was the major gibberellin detected in the embryos of both
cultivated and wild peas. In contrast to Nadeau et al. (2011),
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Fig.5 The simplified scheme of the non-13-hydraxylation (Jeading to
the production of GA 4 and GA,) and the 13-hydroxylation (leading o
the production of GA ;. GA 3, GA4, GAg) gibberllin metabolic path-
ways. The bicactive GAs are in green rectangles. The arrows indicate
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enzymes msponsible for GA prcursor comversion, GA 20-oxidases
(the biue arrows) and GA 3-oxidases (the violet armows), and GA
Z-oxidases (the green arrows) ensuring the comversion of bicactive
GAs

127



ARTICLES

Planta (2023) 258:25% PageTof16 35
a) & b
@ )
£ w
] -
Eax T b
= ab|
i ab
= 20 e 1
E == ab ab
] mak L CEL 8 8?0
] = ! =
1 1 ¥ 1
1€
B
= I b
:" -
E ap I ab
2 &
B I ab  Mab
i = L
z I ab
= o a a u““;ﬂ.bz
1 2 L] [
{ﬂ] n GASE §GA4E mGALD mGA2D TIGA28 {” nEASE mGAM EGALY mGA20 | GA2D
- 00 -~
o 4] b
1 ]
Fof i
2 3t L L b
£t il . .
= @ r ab| &
-
= L ab
g @ . o | =
3 b ek P = B Eab
I . gk e a I.:I:P_Da_h a B " B B B ab2b
1 F 3 4 1 2 3 4

developmental stage

Fig.& The level of (GAs belonging to the |3-hydreylation pathway
in the developing seed coat (left panel) and embryo (right pamel)
of Cameor (2, b), J192 (e, d) and JT1794 (e, f} pea genotypes. Data
mepresent the mean+ S0 of three independent measurements. Differ-

GAg, the main degradation product of GA |, was detected
only occasionally (its internal standards were recovered in
all samples) and at a level close to the limit of detection of
the method (data not shown).

The precursors belonging to | 3non-OH pathway (Fig. 30,
GAys, GA, and its degradation product GA 5, were detected
in both seed coats and embryos of Cameor and JI1794
(Fig. 7). However, they were not found in samples of J192.
Interestingly, GAs formed in this pathway were mone abun-
dant in the embryos compared to the seed coats. Moreover,
they were found especially in Cameor genotype. The occur
rence of 13-non-0OH precursors significantly decreased in
both genotypes along the development. Noteworthy, gib-
berellins GAq> and GAs: were not found in any tissue of all
genotypes tested.

develogmental stags

ent letters indicate significant differences (P=(0U05) among various
metshaites in each developmentsl stage by Krskal-Wallis st with
the following non-parameiric multiple comparison test
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Fg.7 The precursors formed via the 13-non-hydroylation pathway
and deiecied in the sed coats (SC) and embryos (E) of cultivated
(Cameor) and wild (JI1794) pea seeds &t four developmental stages
{1-4). The h i is bhased on ape pibberellin content (pmol’z
FW). The prcursors of the 13-non-hydrocylation pathway wene not
detected in JI92 seed samples. NI not detected
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Seed desiccation of domesticated pea is slower
than those of landrace and wild pea

The water content of seeds declined with the developmental
stage (Fig. 8). At early stage |, the waer content of seeds
was around T3-81% of seed FW, with the highest value for
Jl64. Seeds of wild pea genotype J164 had the highest water
content decline between stages 3 and 4, at around 47%, com-
pared to domesticated and landrace genotypes. The greatest
water content decline of landrace J192 seeds, of around 40%,
occumred between the 3rd and $th developmental stages. This
developmental time was associated with the desiccation
(maturation) phase when the seed undergoes a fast drying
process. In domesticated Cameor, the most rapid water con-
tent decrease was observed between the 3rd and 4th stages
{ahout 28%), followed by about 24% between stages 4 and
3. Ahogether, the domesticated pea desiceated more slowly
and smoothly than primitive landrace 1192 and wild J164.
On the other hand. the desiccation profiles of 1192 and 1164

werne characierized by a sudden change between the 3rd and
4th developmental stages.

Besides seed maturation profiles, the water loss rate
was measured (Fig. 9). In Cameor (the domesticated
pea), the water loss kinetics was similar in the first three
developmental stages, then it declined in the 4th and 5th
stages, without reaching zero (Fig. 9a, Table 1). Lan-
drace J192 lost the most significant amount of water in
early stage | (about 3.5% of FW/hour), whereas in stages
2 and 3, water loss was around 2.3% of FW/h. In JI9Z,
there was no measurable water loss in stages 4 and 3,
as the seed water content was already minimal at these
stages. (Fig. 9b, Table 1). In wild 1164, the most extensive
water loss was detected in the first developmental stage
(4.1% FW/h), followed by a decline in the 2Znd and 3rd
stages (3.0 and 3.4% of FW/h). Similarly to JI192 seeds,
developmental stages 4 and 3 of wild JI64 showed no
water loss (Fig. 9c, Table 1). Based on water content in
these stages, 1192 and J164 sesds might be considered as
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Fig. 8 Matwration profiles of Cameor {a). J192 (b)), and 64 ic) pea
seed. Changes in sed water conient (W) and dry weight (W) in

cultivated (Cameor, J192) and wild JI64 pea seed during develop-
ment. The praphs show the percentage of WO and sed DW calcw-
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lated from 2 to 3 experiments (£50, n=20-40 seads). Different
letters indicate significant differences (P=0.05) by Kruskal-Wal-
lis test with the following non-parametric multiple comparison tes.
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Fig.9 Water loss during seed development of Cameor (a), J192 (hi
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results of the statistical analysis are shown in Suppl. Fig. 53
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Table 1 The water loss rate in pea seeds expressaed as the loss of seed
mass during the time

Water loss rate (% of mass'hour)

Dewelopmental  Domesticated Landrace Wild

stage Cameor n92 e

1 25102 35109 41108
2 27402 23101 30+0.4
3 22402 22101 34+04
4 10+£04 00100 00+0.0
5 0.4+02 0000 00+0.0

Values were calculated from the skope of the kine of fresh seed weight
loss (water loss, Fig. 9) and represent the mean of 2-3 measurements
(48D, n=20-40 seeds)

fully matured. Unlike landrace and wild peas, the sceds
of domesticated pea still lost some water even at the point
of expected seed maturity (Fig. 9a). JI92 water loss rate
showed slower desiccation in stages 2 and 3, which could
correspond to lower water content of JI92 seed compared
to those of JI64 (Fig. 9, Table |). Interestingly, the water
content of Cameor and J164 was similar in the first three
developmental stages (Fig. 9). however, the water loss
rate was higher in JI64 seeds (Table 1).

Genes of ABA biosynthesis and GA metabolism are
expressed mainly in developing seed coats

To explore the temporal expression of ABA and GA meta-
bolic genes. RNA sequencing data were searched for genes
encoding enzymes of ABA and GA biosynthesis and catabo-
lism. Heatmaps of transcription patterns of genes encoding
key ABA metabolic enzymes (Fig. 10) showed the differ-
ences between tissues but also among genotypes. Gener-
ally, these genes were more transcribed in seed coats than
in embryos. Genes encoding ABA biosynthetic enzymes
tended to be expressed especially later in the seed devel-
opment in both seed coats and embryos. Interestingly, in
the Cameor sced coats ZEP and AQ transcripts prevailed,
whereas, in the seed coats of the pigmented genotypes
(J192 and JI1794), the expression of NCED (with a peak
in the 3rd developmental stage) and SDR/ (with a peak in
the 1st developmental stage) genes were the strongest. ABA
&-hydroxylase genes were expressed particularly at the first
two developmental stages in the seed coats, particularly
in the two pigmented genotypes, JI92 and JI1794. In the
embryos, their expression augmented with the developmen-
tal stage.

Heatmaps of transcription patterns of genes encoding
main GA metabolic enzymes (Fig. 11) showed that these
genes were expressed mostly in the seed coats. In particu-
lar, GA 20-oxidases and GA 3-oxidases were transcribed

Fig. 10 Heatmaps of genes (a)
involved in biosynthesis and Cameor 52 JTB4
catabotism of ABA in the S ool W 3 sl 2 3 als 2 3 a -
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Fig. 11 Heatmap analysis of genes involved in gibberellin metabo-
lism in the seed coats (a) and embryos (b) of cultivated (Cameor,
J192) and wild 011794) peas. KAQ ens-kaurenoic acid oxidase. The

mainly in the seed coats of all studied genotypes. In both
the seed coats and embryos, the expression of genes
encoding KO, GA 20-axidases and GA 3-oxidases, which
are involved in GA precursor formation and production of
bioactive GAs, decreased with development. Their expres-
sion was higher in the seed coats of pigmented (JI192 and
JI1794) genotypes compared to Cameor, while there was
no difference among genotypes in the embryo samples. By
contrast, the genes encoding enzymes deactivating bioac-
tive GAs (GA 2-axidases) were expressed predominantly
later during sced development in both tissues similarly and
in all three studied genotypes.
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heatmap is based on average FPKM (Fragments Per Kilobase Mil-
lion) values from RNA sequencing

Discusslon

Seed germination is one of the key steps in a plant’s lifecy-
cle. To germinate successfully, the sced development must
be completed appropriately, and seed dormancy must be
broken. The wild pea seeds will not germinate unless their
seed coat is physically disrupted. The balance of phyto-
hormones has a major influence on numerous morphologi-
cal traits, including some of the agronomical relevance,
such as seed dormancy, branching, tillering, and shoot and
root architecture. Since seed dormancy is one of the key
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domestication traits (Hradilovi et al. 2017; Smykal et al.
2018), it is not surprising to see the alteration of hormone
levels in crops compared to their wild progenitors (Ben-
Abu and [tsko 2022). This has been nicely documented in
the case of maire domestication (Dong et al. 2019).

Seed, and especially seed coat, structure (Zablatzki
et al. 7021) and chemical composition (Janska et al. 2017;
Hradilova et al. 2017 wene studied in both wild and culti-
vared peas. However, the hormone levels wem extensively
monitored only in various pea cultivars (Ribalta et al. 2017,
2019). To the best of our knowledge, this study is the first
one focused on ABA and GA changes between caltivated
and wild peas during seed development. We focused on the
later stages of seed development, from 13 to 28 DAP, in rela-
tion to our seed coat study (Balarynova et al. 2022). At the
earliest developmental stage (13 DAP), the seed coat struc-
ture is already developed. both in wild and cultivated geno-
tvpes, and the embryo is embedded in the liguid endosperm
(Zablatzkd et al. 2021). After gradual endosperm con-
sumption, the growing embryo comes into contact with the
seed coat (by 17 DAP, in the second developmental stage).
Endosperm depletion is connected with the cxpansion of
parenchyma cells (the innermost layer of the sced coath,
which forms nutritional tissue supporting the developing
embryo with nutriments unloaded from the phlocm (Nadeauw
etal. 201 1). Accordingly, the peak in GA accumulation was
found in the seed coat (Fig. 4) of both cultivated and wild
peas by 17 DAP, which could be explained by the growth
of the parenchyma layer of the sced coat. Subsequently, the
developing embryo absorbs nutrients supplicd by the seed
coat, and the parenchyma is slowly crushed by the expanding
coty ledons (Van Dongen et al. 2003). The further growth of
the embry o cormesponded to an increase in the level of GA
(Fig. 4) in the third developmental stage (23 DAP); as the
size of seeds increases, the process of desiccation begins,
and the seed coat pigmentation (in 1192 and J11794) starts
to develop (Zablatzka et al. 2021).

Seed maturation is associated with reduced water content
and changes in ABA content in the embryo. To survive the
desiccation occurring during maturation, desiccation toler
ance is acquired by an accumulation of antioxidants, various
osmoprotectants, late embryogenesis abundant (LEA) pro-
teins, and ABA plays a vital role in this process (Corbineau
et al. 2000; Bewley et al. 2013). The kevel of ABA in the
embryos reaches its peak just be fore the embryos start to
desiceate (King 1976; Hsu 197% Karssen et al. 1983). A fler
ward, the ABA level is guite low in mature sceds (Karssen
etal. 1983}, Our data showed that sceds of the semi- domes-
ticated pea, landrace 1192, developed faster. The maturation
began carlicr than in seeds of wild or domesticated peas
(Fig. 8). The peak of ABA level (Fig. 1), indicating the onset
of maturation, was detected in the 2nd and 3rd developmen-
tal stages of 1192 and J117%4 embryos, respectively. The

level of ABA in Cameor embryos started to increase afier
the 4th developmental stage (Fig. 1), indicating a slower
development and lake maturation. A similar trend was shown
in experiments on the rate of waker loss (Fig. 9, Table 1),
which might hence be considered an indicator of seed matu-
ration, the same as changes in ABA content. For some leg-
umes, seed maturity was reporied to be reached when water
conent drops to 353-60%: of FW, when maximum dry weight
is ached (Ellis et al. 1987). A fier finishing the seed-filling
phase, seeds start desiccating. developing desiccation toler-
ance (Ellis et al. [987). In pea, the desiccation tolerance is
expecied to evolve between 65 and 30% of water content
hefore physiological maturity is acquired (Ellis et al. 1957;
Mey et al. 1993). We showed that Cameor seeds typically
exhibited a lower water content loss and a slower dry weight
increase compared to JI92 (a primitive pea landrace) and
wild pea seeds (Figs. ¥ and 9, Table 1), which indicated the
slower development of Cameor seeds. Moreover, the Cameor
seeds showed a slower water loss rate than wild seeds during
the first three developmental stages, although their water
contents were guite similar. It was unclear why the seeds
of domesticated pea lost water more slowly, perhaps this
could be related to their lower water potential at the given
stages, but this would need to be verified. Matthews (1973)
suggested that an initial slow water content decrease helps to
develop desiceation tolerance in pea seeds. According to our
data, we can assume that maturity was acquired between 2nd
and 3rd developmental stages in J192 seeds, while in 1164
and Cameor seeds it ended to be achieved later, betwesn 3rd
and 4th developmental stages.

Comparative analysis of embryos and seed coats of wild
and cultivated pumpkin (Cucurbita mavima), which has a
combination of physical and physiological dormancy, like
the model legume M. truncatula (Ochatt and Abirached-
Darmency 2019), has revealed that while in the embryos,
ABA concentrations were similar in both domesticated and
wild subspecies, in seed coats, it was threefold higher in the
wild subspecies (Martinez et al. 2015). Morsover, in this
study with pumpkin, the naked embryos from the wild sub-
species were far more responsive to ABA than those from
the domesticated subspecies. These results indicate that
dormancy in the wild pumpkin is imposed by the ssed coat
tissues and that this effect is mediated by their high ABA
content and the sensitivity of the embryos to ABA (Martines
et al. 2018). Unlike pumpkin, ABA and its metabolites wens
more present in embryos than in seed coats of all pea geno-
types studied (Figs. | and 2). Both tissues of the wild pea
had the highest amount of ABA and its metabolites (Suppl.
File 81} which could be explained by its great resilicnce
and ability to survive in the changing natural localities. The
high content of ABA is usually connected with dormancy
and resistance to various biotic and abiotic challenges, as
shown in pea (Ochatt 3015; Ribalta et al. 20093, 1t is known
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that ABA plays an important role in the initiation of dor-
mancy in developing seeds (Feurtado and Kermode 2007).
Although wild pea seed dormancy is primarily determined
by the water-impermeable seed coat, and its acquisition in
legumes is still poorly understood, the elevated ABA level
during seed development might be important to prepare the
embryo for survival in the dry dormant seed. Similarly w
Arabidopsis thaliana seeds, ABA might be involved in the
establishment of seed coat impermeability by regulating the
synthesis of various compounds such as the hydroxy lated
fatty acids, phenolics, or pigments (Mendoza et al. 2003),
which were shown to be more abundant in the seed coat of
wild peas (Cechova et al. 2017; Janska et al. 2019; Krejéi
et al. 2027). Pea seed coat showed abundant accumulation of
phenolic compounds that, upon oxidation, may impact seed
permeability as well as pigmentation, both typical in the
seed coat of dormant peas (Balarynova et al. 2022; Krejéi
ctal. 2022).

Gene expression of ABA and GA metabolism genes has
been studied during seed development and imbibition in
rice, the species with physiological dormancy (Liu et al.
2014). A comparison of dormant and non-dormant seeds
showed difforences in the peak of QaNCED (ABA biosyn-
thesis) between dormant and non-dormant genotypes. On the
contrary, our data rather showed a difference between non-
pigmented (Cameor, stable NCEI} gene expression) and pig-
mented genoty pes (J192 and 11794, NCET? gene cxpression
peaked at 3rd developmental stage) insicad, with no effect of
dormancy (physical dormancy ) (Fig. 10). This could indicate
the mlationship between seed coat pigmentation and ABA.
Similarly, ABA & hvdravylase genes expression showed
similar trends (Fig. 10). On the other hand, (A 20-ovidares
and (7A F-oxidases showed several peaks during the non-
dormant rice seed development, whereas their expression in
dormant seeds remained stable. This cormesponds to a lower
accumulation of active GAs in non-dormant genotype (Liu
et al. 2014). Conversely, the main difference between studied
genotypes in our study was not in the expression patterns
of GA metabolism genes but in their levels of expression,
which were higher in the pigmented genotypes (Fig. 11).
Although the ex pression of GA and ABA-related genes was
analyzed only in cultivated legumes, such as alfalfa (Med-
fcageo sativa) (Zhao et al. 2022), their expression patterns
were in agreement with our data. Finally, we showed that
both ABA and GA metabolic genes were expressed pre-
dominantly in the sced coat, indicating the crucial rok of
sced coat in governing ABA and GA hormonal kevels in the
developing pea scods.

Based on seed coat pigmentation, the pea genotypes stud-
icd here can be divided into pigmented (J192 and JT1794)
and non-pigmented (Cameor) ones (Suppl. Fig. 82). Despite
being pigmented, 1192 is a primitive domesticated landrace
compared to JI1794, which belongs w wild pea genotypes.

&1 Springer

It has been shown that cultivaied legume seeds contain Ewer
carotenoids, the precursors of ABA, than their wild coun-
terparts (Frey et al. 2006; Fernindez-Marin et al. 2014).
Moreover, ABA is also able to promote or inhibit the bio-
synthesis of anthocyanin in fruits by cross-talking with other
phytohormones including jasmonic acid, GAs, auxin and
cytokinin (Xie et al. 2012; Jaskola 2013; An et al. 2018).
ABA level and the expression of NCED were sssociated with
pigment production (Jia et al. 201 1; Karppinen et al. 2018;
Li et al. 2019). Correspondingly, the expression of NCED
was increased in the seed coat of pigmented peas (1192 and
JI1794) (Fig. 10). In peanut (Arachis hypoegaea), an asso-
ciation not only between ABA signalling and anthocy anins
but also proanthocyanidin (condensed tannins) content was
suggested (Wan et al. 2016). The fact that proanthocyanidins
stimulate ABA synthesis was also observed during the matu-
ration and germination of Arabidapsis seeds (Jiaet al. 2012).

O the other hand, it has been shown that proanthocyani-
dins can also act as GA antagonists in pea (Green and Corco-
ran 1975; Corcoran et al. 1972). In common bean (Phaseolus
vitlgaris) sceds, (+)- catechin (found mainly in sced coat,
not in embryo) inhibits the conversion of GA, - aldehyde to
GAz (Kwak et al. 19881 In our samples, we detected GAs
of the 13-non-hydroxylation pathw ay, especially in Cameor
(Fig. 7). the domesticated genoty pe with the sced coat low
in proanthocyanidins (Hradilov et al. 2007). Besides, GAs
wen shown to regulate anthocyanin biosynthesis (Loreti
et al. 2008). Unlike ABA, the seed coat of the studied pea
genoty pes contained more bicactive GAs than the embryo
(Figs. 3 and 4). Morover, the seed coat of pigmented
genotypes (primitive domesticated landrace 1192 and wild
JI1794) contained a more diverse combination of bioac-
tive GAs than Cameor (Fig. 3). The seed coat of J192 and
I11794 contained GA ; and GA;, which were not detected in
Cameor. Thus, we might expect that these GAs may play a
rale in the development of seed coat pigmentation.

Qur data showed that GA ., and GA 4, were the most
abundant gibbenzllins detected in the embryos and seed
coats (Fig. 6), respectively. of studied pea genotypes. This
is in agreement with previous work on immature pea seeds
(Sponsel 1983; Zhu et al. 1991). In seeds, GAy, is metab-
olised to G Az in the embryos and then it is transported
to the seed coats. In the seed coat, GAqg is metabolised
to GA - catabolite (Sponse]l 1983). This could explain a
decrease in GA g, conient with development despite very
high gene expression of (A 2-oxidases in the later stages
(Fig. 11).

Alweration of flavonoid pigmentation during crop
domestication has besn widely reported. Particularly,
a loss of pigmentation in the cdible parts is one of the
domestication symptoms (reviewed in Smykal et al.
2018; Paauw ct al. 2019; Alscekh et al. 2021). The dis-

cussion on whether this is the result of direct selection
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or of linkage of other important domestication genes is
ongoing. The consumer preference for visual appearance
likely drives acting selection. This also acted in the case
of grain legumes, such as pea, chickpea, common bean
and lentil (Balary nové et al. 2022).

MNotably, Wang et al. (2015) identified a gene respon-
sible for seed dormancy that has been subjected to par-
allel selection in multiple crops. This gene encodes
stay-green 0 gene-affected seed dormancy in soybean
through interactions with NCED3 and PSY and in turn,
modulated ABA synthesis. The green soybean seed coat
is governed by three classical stay-green loci with differ
ent mechanisms, among which the G locus specifically
dominantly controls the green colour of the seed coat,
whereas the other two loci affect other organs as well.
Using transgenic and mutant lines, they have shown that
in the mutant g lines, less ABA is produced, resulting
in the weakening of dormancy and thus facilitating crop
management for farmers, which probably led to the par-
allel szlection of g genotypes in various crops. Interest-
ingly, the region around the G locus exhibits selection
signatures in soybean domestication. However, if the trait
under selection is sced coat colowr. it is then perplex-
ing. All wild soybeans with black seeds contain the G
allele conferring the green seed coat colour, considering
green is invisible against black. It was hypothesized that
the trait controlled by G under sclection is the reduction
of seed dormancy. Indeed. overex pressing the wild-type
G allele strengthened seed dormancy. However, G cor-
responds to a different mechanism from both, and it is
a new gene linked to physiological dormancy. Whether
thiz is a case of pea seed dormancy remains to be shown.
However, both comparative transcriptomics and genetic
mapping did not show any direct involvement of such
genes (Hradilovd et al. 2017 and unpublished results).

Amnalysis of seed content of different hormones sug-
gests that the hormonal balance between ABA, GAs, and
auxing at crucial time points during this process might
underlie seed development differences in these acces-
sions and would thus illustrate the dynamics of pea seed
development. Auxin acts upstream of GA during ssed coat
development (Figueiredo et al. 2016). Despite the fact that
the roke of hormones in regulating legume seed develop-
ment is poorly described, it was shown that the embryos
of pea seeds do not germinate until physiological maturity
{around 18 DAP) is reached (Ribalta et al. 20017), except if
cultured in vitro in the presence of exogenous growth regu-
lators (Ribalta et al. 2019). In these studices, it was found
that cultivated pea seeds had the highest ABA level after
physiological maturity, which can be linked to the biosyn-
thetic pathway for ABA and the positioning of carotenoid
biosynthesis in it (Nambara and Marion-Poll 2003; Narth
et al. 2007 ; Ali et al. 2022).

Conclusion

In this study, we provide the first report of ABA and GAs
profiling wild pea seeds during their development and
compare them to domesticated peas. Despite the loss of
seed dormancy in domesticated kegumes, the mechanisms
underlying physical dormancy in legumes are still poorly
understood. Our data showed that wild pea seed coat and
embryo were abundant in ABA and its metabolites, which
might be associated with the preparation of its sceds for
a period of dormancy and the development of sced coat
pigmentation. The seed coats of pigmented seeds differed
in the composition of bioactive GAs and were transcrip-
tionally more active in the expression of ABA and GA
metabolite genes, highlighting the importance of seed coat
during seed development.
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Abstract

Background: Eread whaat (Triticum gestivum) is 2 major source of nutrition globally, but yields can be seriously com-
promised by water limitation. Redistribution of growth between shoots and roots is a common response to drought,
promoting plant survival, but reducing yield. Gibberallins (GAs) are necessary for shoot and root elongation, but roots
maintain growth at lower GA concentrations compared with shoots, making GA a suitable hormone for mediating
this growth redistribution. In this study, the effect of progressive drought on GA content was determined in the base
of the 4th leaf and root tips of wheat seedlings, containing the growing regions, as well as in the remaining leaf and
root tissues. In addition, the contents of other selected hormones known to be involved in stress responsas were
determined. Transcriptorme analysis was performed on eguivalent tissues and drought-associated differential expres-
sion was determined for hormone-related genes.

Results: After 5 days of applying progressive drought to 10-day old seedlings, the length of leaf 4 was reduced by
119% compared with watered seedlings and this was assodated with significant decreases in the concentrations of
bioactive GA,; and GA, in the leaf base, as well as of their catabolites and precursors. Root length was unaffected by
drought, while GA concantrations were slightly, but significantly higher in the tips of droughted roots compared with
watered plants. Transaripts for the GA-inactivating gene TaGAZoxd were elevated in the droughted leaf, while those
for several GA-biosynthesis genes were reduced by drought, but mainly in the non-growing region. In response to
drought the concentrations of abscisic acid, as-zeatin and its riboside increased in all tissues, indole-acetic acid was
unchanged, while frans-zeatin and riboside, jasmonate and salicylic acid concentrations were reduced.

Conduslons: Reduced leaf elongation and maintained root growth in wheat seedlings subjected to prograssive
drought were associated with attenuated and increased GA content, respectively, in the growing regions. Despite
inoeased ToGAZoxd expression, lower GA levels in the leaf base of droughted plants were due to reduced biosynthe-
sis rather than increased catabolism_ In comtrast to GA, the other hormones analysed responded to drought similarly
in the leaf and roots, indicating organ-specific differential requlation of GA metabolism in response to drought.
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Background

Wheat ( Triticum aestivirs L.) is one of the most impor-
tant staple crops globally feeding a major part of the
human population. The worldwide estimated production
of wheat in 2019 was 766 million tonnes making it the
second most important grain after maize [1). However,
drought is a major constraint to the productivity of wheat
and other cereals [2—4] and is anticipated to become an
even more serious problem for farmers worldwide as a
result of the changing climate [, &].

Planis under drought stress adapt their morphology,
physiclogy and biochemistry in an attempt to cope with
the water limitation [7-9]. Plant hormones are important
components of this stress response, mediating mecha-
nisms to reduce water wsage, including restriction of
shoot growth, while roots, which first perceive the lack of
water, continue to extend [10-12)]. Gibberellins (GAs) as
growth regulators are prime candidates for involvernent
in this growth redistribution. Furthermore, it has been
shown that plants with reduced GA content, through the
application of growth retardants or mutation, are more
resistant to abiotic stress, including drought, cold and
salt stress [13]. The mechanism of this phenomenon is
still not fully understood.

Gibberellins signal through the GID1 receptor. which,
in the presence of GAs, interacts with and destabilises
DELLA proteins, a family of transcriptional regulators,
first identified as repressors of growth [14]. DELLA pro-
teins act in association with transcription factors to mod-
ify gene expression, for example by sequestration of the
transcription factors or by functioning as a co-activator
[15-17]. After GA-dependant binding to GID1, DELLA
proteins are polyubiquitinated by an E3 ubiquitin ligase
and targeted for degradation by the 265 proteasome
|18, 19]. In rice, barley and Arabidopsis DELLA protein
loss-of-function mutants have been shown to exhibit
a constitutive GA response phenotype [20, 21]. These
mutants do not respond to exogenous GA, are taller than
the wild-type, flower early and are often sterile. On the
other hand, specific mutations in the N-terminal region
of DELLA proteins cause their accumulation by prevent-
ing their association with the GA-GID1 complex [20-24].
Such gain-of-function mutants are dwarfed; prime exam-
ples of which are the semi-dwarfing alleles of the wheat
RHT-1 gene, which were introduced in the Green Revo-
lution and are present in most commercial cultivars [25].
Wheat cultivars containing RHT-1 dwarfing alleles were
found to perform better under water deprivation than
those carrying the non-mutant tall allele [26].
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During abiotic stress, DELLA proteins accumolate
in association with a reduction in GA content [27, 28].
As well as decreasing water requirement through sup-
pressing shoot growth, the accumulation of DELLA
was shown to reduce transpiration in tomato by closing
stomata [29]. The mechanism involves increased ABA
concentration through enhanced expression of an ABA
transporter |30], highlighting the action of DELLA as a
hub in the cross-talk between the GA signalling path-
way and those of other plant hormones [31]. In addition,
DELLA was observed to reduce the level of reactive oxy-
gen species [27], which accumulate during abiotic stress
and can lead to oxidative damage and cell death when
present at high concentrations [32].

Stress-induced DELLA accumulation is enabled pri-
marily by a reduction in GA concentration, although
expression of some DELLA paralogues, such as RGL3
in Arabidopsis, is up-regulated by siress [33, 34]. Bio-
synthesis of GAs proceeds through the action of plas-
mid-localised terpene cyclases, eni-copalyl diphosphate
synthase {CPS) and eni-kaurene synthase (KS), and the
membrane-associated cytochrome P4530 monooxyge-
nases, eni-kaurene oxidase (KO) and eni-kaurenoic acid
oxidase (KAQY) to produce the C-GA GA,, which is
13-hydroxylated by cytochrome P4530 monooxygenases
(GAl30x) to GAg, [35]. GA,; and GA,; are converted
by the soluble 2-oxoglutarate-dependent dioxygenases
GA 20-oxidase (GA200x) and GA 3-oxidase (GA3ox) to
the biclogically active C,,-GA end-products GA, and
GA,, respectively. GA tarnover occars primarily through
the action of the inactivating GA 2-oxidases (GAZox),
of which there are two families, acting on C,;-GAs or
Cop-GAs, respectively [36-39]. Up-regulation of GAZox
genes to reduce GA content and promote DELLA accu-
mulation has been shown to occur in response to abiotic
stress, with examples from Arabidopsis for up-regulation
of the AfGA20x7 paralogue in response to salt [40] and
mechanical stimulus [41], and of several GA2ox genes
in response to cold [33, 36]. Pearce et al [42] identified
7 Co-GAZox paralogues, excluding homoeologues, and
5 (-GAZox paralogues in the wheat genome but there
is limited information on their involvement in stress
responses for this species.

While the growth of shoots and roots is depend-
ent on GA signalling, root growth requires lower con-
centrations of GAs than does that of shoots [43] and
indeed root growth may be inhibited by supraoptimum
GA concentrations [44, 45]. Thus, a reduction in GA
content in response to drought provides a mechanism
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to redistribute growth between shoots and roots, but
the role of GA signalling in this response has been little
studied. In this report, we describe the effect of water
limitation on the growth, transcriptome and hormone
content of shoots and roots of wheat seedlings with a
focus on GA metabolism and signalling.

Results

The effect of water restriction on growth and physiclogy
Wheat seedlings were grown in pots under a controlled
environment in a field soil with a high sand content until
the third leaf was visible. Watering was then withheld
from half the plants, while the remainder were continued
to be watered to 100% soil capacity. Leaf lengths were
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monitored throughout the experiment (Fig. 1A). After
Sdays, the length of leaf 4 in the droughted plants was
reduced by 31% compared with the watered plants, while
the lengths of the longest root were not significantly dif-
ferent between the two treatments {Fig. 1B). At this stage,
the water content of the droughted soil was 19% full
capacity (Fig. 1C), and the relative water content of the
3rd leaf was reduced from 96% for the well-watered plants
to 81L5% under drought (Additional file 1: Table 51).
The contents of malondialdehyde (MDA), indicative of
lipid oxidation, and proline in leaves of the droughted
seedlings increased by 2- and 5-fold, respectively, com-
pared with the well-watered seedlings (Additional file 1:
Table 51). There was a small, but non-significant (p=0.2)
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reduction in photosynthetic rate in the droughted seed-
lings after 5 days of water restriction compared with the
well-watered plants, while by fdays the difference was
significant {p=0.04) (Additional file 1: Table 51). Simi-
larly, there were small, non-significant reductions in sto-
matal conductance and intercellular €O, concentrations
on day 5 for the droughted plants with greater, signifi-
cant reductions after &days (Additional file 1: Table 51).
In order to determine changes in hormone content and
gene expression in response to water restriction, the 4th
leaf was harvested at day 5 and divided into the bottom
3cm of the sheath (leaf base), which includes the growing
region of the leaf sheath, and the rest of the leaf. Roots
were divided into the bottom 3em of the primary roots
(the root tip) and the remaining root material (Additional
file 1: Fig. 51 illustrates the tissue sampling). The four
samples from well-watered and droughted seedlings with
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replicates were analysed for the abundance of GAs and
other hormones by ultra-high performance liquid chro-
matography tandem mass spectrometry (UHPLC-MS-
M5) and of transcripts by RN A-sequencing.

‘Water restriction and gibberellin content

The GAs, including precursors and catabolites, were
analysed separately from other hormones due to the
requirement for a different protocol in order to achieve
adequate sensitivity. Figure 2A and C show the con-
centrations of 13-hydroxylated (13-0OH) and 13-deoxy
{13-H) GAs, respectively, in the leaf tissuwes, while these
are presented for the roots in Fig. 2B and [0 In the base
of the leaf, which contains the extension zone of the
sheath [46], the concentrations of most GAs, including
the biclogically active GA; and GA, were significantly
reduced by water restriction. Notably, the concentration
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Ag. 2 Concentrations of gibbaralins (GAs) inthe dth kaaf and roots of watered and droughtad wheat seedlings after 5 days of water cessation. GAs
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142



ARTICLES

Proshova et ol BMC Plant Blology  (20232) 22:284

of GA; the 2f-hydroxylated catabolite of GA,, was
also strongly reduced by drought. GA; and GA, con-
tents were unchanged by drought in the remaining
leaf, although GAg concentration, but not that of GAs,
(2f-hydroxyGA,), was significantly reduced. The effect
of drought on precursor levels in the remaining leaf was
variable with only GA,, and GA,, showing significant
decreases. In contrast to the base of the leaf, the root tip
showed small, but significant increases in GA; and GA,
concentrations under drought, while the levels of GA .,
GA,, and GA;, (2f-hydroxyGAg) decreased and those
of the other GAs remained unchanged. In the remain-
ing root tissue there were small decreases in the levels of
several GAs under drought, including GA, and GA, and
the precursor GA,,. Notably, the levels of the major cat-
abolites, GA; and GAg, were not changed by drought in
either root tissue.

Water restriction and the concentration of other hormones
Growth and its response to water limitation are regulated
by the combined activity of multiple hormones [47, 48],
s0 we took the opportunity to measure the concentra-
tions of abscisic acid {ABA), indole-3-acetic acid (IAA),
cytokinins (CKs), jasmonates ({JAs), salicylic acid (SA)
and associated metabolites in equivalent samples to
those analysed for GAs. Their concentrations are given
in Additional file 2, and for selected hormones shown in
Fig. 3A and B for the leaf and root samples, respectively.
As expected, the concentration of ABA was strongly
increased by water limitation in all four tissues, with fold
increases of 41 and 94 in the leal base and remaining
leaf, respectively, and of 79 and 219 for the root tip and
remaining root tissue, respectively. There were smaller
increases under drought in the concentration of the
ABA-catabolite phaseic acid in the keaf tissue and lower
root (Additional file 2), while it increased more substan-
tially in the remaining root. In contrast to that of ABA,
the concentration of J[AA was not significantly changed
by drought in any of the tissues, although there were
higher levels of 2-oxindole-3-acetic acid in all tissues
and of lAA-glutamate in the leaf base. The concentra-
tions of JA and its isoleucine conjugate decreased in all
four water-stressed tissues, as did that of SA in all tissues
except the remaining leaf in which it increased, suggest-
ing a redistribution under drought.

The concentrations of trans-zeatin (££) and its ribo-
side (fZR), which were higher in the growing regions of
the leaf and root compared with the remaining tissues,
were reduced by water limitation in all sampled tissues.
The lower t£ and (ZR concentrations were accompanied
by increased levels of their (O-glucosides in the leaf base
and root tip, but not in the remaining tissues. In contrast,
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the concentrations of cis-zeatin (cZ) and its riboside cZR,
which were generally higher than those of the trans iso-
miers, were increased by drought in the leaf base and root
tip, whereas it was reduced in the droughted remaining
leaf tissue and unchanged in the remaining root tissue,
in which concentrations were generally low. The concen-
trations of the O-glucosides of cZ and cZR followed the
same trend as their aglycones in the leal base and root,
while there were significant decreases in their levels in
the remaining root tissues under drought.

‘Water restriction and gene expression

Changes in gene expression due to water restriction was
determined by RNA-seq from three biological replicates
in tissues and treatments equivalent to those used for the
hormone determination. The numbers of differentially
expressed penes (DEGs) (> 2-fold change) were substan-
tially higher for the leaf tissues (17,298 and 24,343 for the
4th leaf base and remaining leaf, respectively) than for
the root (2696 and 8995 for the root tip and remaining
root, respectively) (Table 1). The distribution of up- and
down-regulated genes is illustrated by the volcano plots
in Additional file 1: Fig. 52. As indicated by the dendro-
gram and principal component analysis plot in Addi-
tional file 1: Fig. 53A and big. 53B, respectively, there
was relatively close sample replication, with the largest
discrimination between leaf and roots, followed by leaf
tissue types and then by the leaf tissues in response to
drought. In contrast to the leaf, there was comparatively
little discrimination between the root samples, for tissue
type or treatment. The distribution of DEGs between the
tissue types is shown in Additional file 1: Fig. 53C. Of the
37,996 DEGs, 89.5% were expressed in the leaf, of which
84.3% (75.5% of the total) were unique to the leaf and
22 4% were expressed in both leaf tissues. The equivalent
figures for the root were 9.3% of the total, of which 42.7%
(4% of the total) were unique to the roots and 17.1% were
expressed in both root tissues. While the number of
unique DEGs was 50 and 59% of those expressed in the
leaf base and remaining leaf, respectively, it was only 13%
for the root tip and 38% for the remaining root. Full lists
of penes with mean normalised reads under well-watered
and drought conditions and log-fold change (LFC) are
presented in Additional files 3, 4, 5 and &, in which they
are ordered by differential expression. A gene ontology
analysis of biological function i1s shown in Additional
file 1: Fig. 54 — Fig. 57 for the leaf base, remaining leaf,
root tip and remaining root, showing the 30 most signih-
cant down- and up-regulated processes, respectively, for
each tissue type. Cellular organisation and metabolism
are strongly represented in the down-regulated functions,
while responses to abiotic stimuli and related metabo-
lism, and to ABA are major up-regulated processes.
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Table 1 Numbers of differentially expressed genes (log,-fold
change between droughted and watered plants =1 or< 1)

Tissue Humber of differentially expressed genes
Up-regulated Down-regulated

Leaf basa qars B123

Ramaining leaf 9570 14773

Roat tip 1903 3

Famaining root 4103 4857

Annotated genes for hormone metabolism and signalling
are listed in Additional file 7, in which their annotation, if
not previously published, is based where possible on that
of their rice orthologues.

Gibberellin metabolism and signal transduction

The relative expression in response to drought of genes
involved in GA metabolism and signalling is shown for
each tissue type as heat maps in Fig. 4. In order to sim-
plify the figure, normalised reads for the three homoeo-
logues are summed. while the normalised reads are
provided separately for all homoeologues in Additional
file 7. The 2-oxoglutarate-dependent dioxygenase genes
of GA biosynthesis and inactivation are considered to be
major sites of regulation [35)]. Transcripts for TaGA200x]
and 2 were more abundant in the remaining leaf tissue
than in the leaf base and were reduced by drought in
both leaf tissues. There was no significant change due to
drought in the root tissues. Notably, there was a relatively
high expression of GA200x4 in the remaining leaf and,
for one homoeologue (TaGA200x-A4) only, expression
was increased substantially under drought. Roots con-
tained very few reads for this paralogue, except for the A
homoeologue in the droughted root tip. In contrast to the
GA20ox genes, GAZox2 transcripts were evenly distrib-
uted between the leaf base and remaining leaf and also in
the root tissuwes. Under drought GA3ox2 expression was
reduced in the leaf, but increased in the root, particularly
in the remaining root tissue. Both root tissues contain
transcripts for GA lox! that encodes a mildly inactivating
enzyme and is highly expressed in developing grain [42].
Its expression was reduced under drought.

For the genes encoding enzymes for the early GA-bio-
synthetic pathway, CPS is present as at least four paral-
ogues in wheat, of which CP53 and CP54 are reported to
be involved in GA biosynthesis [49, 50] and are included
in Fig. 4 and Additional file 7. Expression of neither gene
is affected by drought in any tissue type. The A homoeo-
logue of K5 was up-regulated in response to drought in
all tissues, while KO was up-regulated by drought in the
leaf tissues but to a less extent in the roots. KAQ expres-
sion in the leaf was mainly in the remaining leaf tissue,
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in which it was down-regulated by drought, while it was
not differentially regulated by drought in the roots. Tran-
seripts of trans-geranylgeranyl diphosphate synthase
(GGPPS) homoeologues, responsible for diterpene bio-
synthesis, were reduced by drought in the leaf, particu-
larly in the remaining leaf tissue, but were not affected by
drought in the root tssues.

Of the wheat GAZ2ox genes, responsible for GA-turno-
ver by inactivation, the enzymes encoded by TaGAZoxd
and TaGA20x9 act mainly on C-GAs [42], while
TaGAZex11, which is orthologous to the rice GAZox11,
belongs to the same clade and is assumed also to encode
a C,-GAZox [51]. The genes annotated as TaGAZox11,
12 and 13 in Pearce et al. [42] are close homologues of
TaGAZox6 and are renamed as TaGA 2o0w6-2, 6-3 and 6-4,
respectively (Additional file 7). The remaining TaGA2ox
genes encode enrymes that act mainly on C;-GAs [42].
Mo reads were present for TaGAZex2, TaGAZoxé-4 and
TaGA2ex1] in any of the sampled tissues, while expres-
sion of TalGA 20x1, 6-1, 6-2 6-3, & and % was low in all tis-
sues. In both sections of the droughted fourth leaf, there
was strong up-regulation of TaGA2exd, with TaGAJox3
and TaGA20x10 also up-regulated in the remaining leaf,
but not in the leaf base. Indeed, TaGA2ex3 transcripts,
which were more abundant in the base of the sheath,
were present at lower levels in this tissue in response to
drought. In contrast, expression of TaGAZoxd under
well-watered conditions was higher in the remaining
leaf, while water restriction caused strong up-regulation
in both tissues, particularly in the leaf base. Expression
of TaGA20x7 was mainly confined to the remaining leaf,
in which two of its homoeologues were down-regulated
under drought, whereas TaGA 20x]0 was expressed more
highly in the leaf base and was the most highly expressed
GA2ox gene in this tissue under well-watered conditions.
Under drought, expression of TaGAZoxI0 increased in
the remaining leaf, but only expression of the D homoeo-
logue increased in the leaf base. In the roots, TaGA 2ox3
was by far the most highly expressed GA2ox gene and
its expression in both tissue types was not affected by
drought.

Genes encoding the GA-receptor GIDN and the
DELLA protein RHT-1 were highly expressed in all four
tissues. Motably, expression of GIDM was strongly pro-
moted under drought in the leaf tissues, but not in the
roots, while RHT-1 was not differentially expressed under
drought in any tissue. Transcripts for genes encoding
the F-box protein GID2, a component of the E3-ligase
responsible for RHT-1 degradation [52, 53], are not
included in the analysis. GID2 exists in wheat as two par-
alogues, of which the closest orthologue to the rice gene
(TraesCS3A01G055700 and TraesCS3BO1GOG8100) is
present in the intron of another gene and its expression
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could not be determined accurately. The function of its
paralogues (GID2-like: TraesCS3A01G056000, TraesC-
S3A01G511800, TraesCS3B01G068800 and TraesC-
S3D01G056100) is unclear.

In a separate experiment, differential expression in
the four tissue types in response to water restriction
was determined by qRT-PCR for three GA20x genes

(GA20x3, GAZ20x4 and GA20x10), the biosynthetic gene
GA30x2 as well as GIDI and the ABA signalling gene
PP2CI, which is strongly up-regulated by drought (see
below). The results from qRT-PCR, for which primers
were designed to amplify all three homoeologues, were
generally consistent with the differential expression
determined by RNA-seq (Additional file 1: Fig. S8).
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Metabolism and signalling for other hormones

Metabolism and signalling genes for the other analysed
hormones were curated for wheat and their normal-
ised reads are provided for the four tissue types under
well-watered and droughted conditions in Additional
file 7, with their differential expression displayed as heat
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brassinosteroids and strigolactones were not determined,
for completeness expression data for their pathway genes
are included in Additional file 7.

Differential expression of genes involved in ABA
metabolism and signalling is displayed in Fig. 5. Two of
four NCED genes encoding 9-cis-epoxycarotenoid dioxy-

maps in Figs. 5, 6, 7 and 8. Although levels of ethylene, g were up-regulated in all tissues by drought, while
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NCED-34A was up-regulated in the remaining leal and
remaining root. Of the other ABA-biosynthetic genes,
two AADI genes encoding abscisic aldehyde oxidase
were up-regulated by drought only in the roots. ABAox]
and ABAox? encoding CYP707A (ABA B'-hydroxy-
lases) that catalyze ABA catabolism were up-regulated
by drought in the leaf, but not significantly in the root.
Genes encoding the ABA signalling components A-type
2C protein phosphatases (PP2CAs) were strongly up-
regulated by drought in all tissues as were two TaSAPK
genes encoding stress/ ABA-activated protein kinase that
acts downstream of PP2CA. Several of the PYL (ABA
receptor) genes were down-regulated by drought, while

two subfamily 1 PYL genes, PYLi] and PYL1Z were up-
regulated, particularly in the leaf.

For the other hormones, differential gene expression
in response to drought was more evident in the leaf tis-
sues than in the roots, even though the levels of these
hormones responded similarly to drought in both organs.
The data for CKs are present in Fig. 6. Transcripts for the
isopentenyltransferase genes [PT3 - [PTS, thought to
be responsible for +7 biosynthesis [34], were present at
very low levels in the leaf, with the most abundant, IPTE,
down-regulated by drought. Although biosynthesis of ¢
is not fully understood, there is evidence for the involve-
ment of tRNA-IPTs [55]. These are encoded by IPT9
and 10, which were expressed at relatively high levels in
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the leaf tissues, with [PT10 down-regulated by drought.
The isopentenyladenine hydroxylase (CYP735A) genes
were not expressed in the leaf, while a number of LOGL
genes, encoding CK riboside 5'-monophosphate phos-
phoribohydrolases [56], were expressed in the leaf,
with several down-regulated by drought. Expression
of CK dehydrogenase genes (TaCKX), responsible for
CK catabolism, was modified by drought in the leaf tis-
sues, either negatively or positively, but not in the roots.
Type A CK response regulator genes were generally

down-regulated by drought in the leaf. With the excep-
tion of TaCOGT-D1.1, which was strongly up-regulated
in the remaining leaf, expression of O-glucosyliransferase
genes were generally down-regulated by drought in the
leaf or unchanged in the root tisswes. The [AA-biosyn-
thetic genes TaTARZI and TaTAR21, encoding trypto-
phan aminotransferases and Ta¥YLICCA1I, encoding a
flavin-containing monooxygenase, were slightly down-
regulated by drought in the remaining leaf as were ALUX/
1AA- and ARF-encoding genes involved in auxin-signal
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transduction (Fig. 7A), consistent with altered 1AA
signalling in the droughted leaf Several PAL genes,
encoding  phenylalanine ammonia-lyase, potentially
involved in S5A biosynthesis, were differentially regu-
lated under drought in the leaf with smaller changes in
the root (Fig. 7B). Notably, a UDP-glucosyliransferase
gene GT74[3 was strongly up-regulated by drooght,
while the more highly expressed LIGT74H genes were

down-regulated in the remaining leaf. In rice, these glu-
cosyliransferases have been shown to conjugate 5A and
regulate its conceniration [57, 58]. While there was little
uniform change in expression of jasmonate biosynthetic
genes in response to drought, several genes encoding
COI receptors, the JAZ signalling component and MYC
transcription factors were up-regulated by drought in the
leaf tissues (Fig. ).
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Discussion

Redistribution of growth between shoots and roots is
a common consequence of water restriction [59, &0[;
reduced shoot growth moderates water use, while pro-
moted or maintained root elongation maximizes exploi-
tation of the available water Due to the importance
of GAs in regulating growth, this class of hormone is a
prime candidate in this growth redistribution, particu-
larly since shoots are much more sensitive to changes in
GA concentration than are roots [43]. After five days of
progressive water restriction, growth of the elongating
third and fourth leaves of the wheat seedlings was signifi-
cantly reduced, while there was no significant difference
in root length (Fig. 1). The growth reduction of the fourth
leaf corresponded with substantial decreases in the con-
centrations of the bicactive GA, and GA, in the base of
the elongating leaf (Fig. 2), while there was no change in
the remaining leaf tissue, containing the upper leaf sheath
and blade. In the root tip, containing the growing region
there were small but significant increases in the concen-
trations of these GAs consistent with the maintained
root growth under water restriction. In order to under-
stand the mechanisms for the drought-induced changes
in GA content, BNA-seq was used to determine differ-
ential gene expression under drought for the four tissue
types. Abiotic stress has been shown to induce increased
expression of GA2ox genes [13] with evidence from work
with Arabidopsis and tomato that this is at least partly
responsible for the stress-induced physiological response
|33, 36, 40, 41, 61]. In both sections of the droughted
fourth leaf, there was strong up-regulation of TaGA 2ox4,
with TaGAZ0x3 and TaGAZox]0 also up-regulated in
the remaining leaf, but not in the lower leal sheath.
Indeed, TaGAZ0x3 transcript was present at lower lev-
els in the leaf base in response to drought, potentially
in response to the reduced GA content through the
homeostasis mechanism, suggesting its expression is not
directly regulated by water stress. Potentially through
the same mechanism, there was strong drought-induced
up-regulation of the GA-receptor gene GIDI in the leaf
tissues, although a response to reduced GA signaling is
less clear for the remaining leaf in which the GA content
was unchanged. More detailed information on the dis-
tribution of GA and gene expression along the leal may
be required to understand the relationship between gene
expression and GA content. In the root, TaGA20x3 was
the most-highly expressed GAZox gene, but was not dif-
ferentially expressed under drought, as was no other
A Zox gene. There are recent reports for maize and rice
of up-regulation of GAZ2ox genes in shoots and down-
regulation of these genes in roots in response to osmotic
stress, indicating tissue-specific differential regulation of
these penes |62, 63].

Fage 130 19

Despite the up-regulation of GAZ2o0x genes in the leaf,
the concentrations of GA catabolites and precursors
are not consistent with higher rates of 2-oxidation as
the major cause of the reduction in bicactive GA lev-
els in the leafl base under drought. Indeed, the levels of
the Zf-hydroxyGAs, GA, GA,, GA,, and GA;, were
also reduced. The concentrations of precursor GAs in
both the 13-hydroxy and 13-deoxy pathways to GA; and
GA,, respectively, were also reduced suggesting a gen-
eral reduction in GA biosynthesis. Transcripts levels for
the biosynthesis genes GGPPSI, KAO and GA3ox2 were
reduced by water restriction in the remaining leaf sec-
tion, but less so in the base of the leaf sheath, in which
nevertheless GA levels were reduced. Owerall, under
well-watered conditions transcripts for most biosynthetic
genes were more abundant in the remaining leaf than in
the leaf base, despite the latter containing higher concen-
trations of bicactive GA, and GA, as is predictable for
the elongation zone. The exception is the GAZ0x2 tran-
script, which was equally distributed between the two
leaf sections. These results are in agreement with those in
[64], in which the distribution of GAs and expression of
GA-biosynthesis genes were determined along a growing
maize leaf They showed that bioactive GAs and GAJex
expression peaked at the boundary between the division
and cell elongation zones, while precursors and tran-
seripts encoding enzymes for earlier biosynthetic steps
were abundant in the more mature part of the leaf. Most
strikingly, transcript reads for KAO were very low in the
leal base, as was the case also for the maize leafl [64]. The
data would suggest that the early stages of biosynthesis
oocur predominantly in the remaining leaf, containing
the leaf blade, with GAs and/or precursors transported to
the base. The leaf blade may experience more stress under
drought, although this did not translate into reduced GA
content in the remaining leaf. However, this material is
heterogeneous and it will be necessary to determine the
effect of drought on GA distribution.

Growth and its response to water limitation are regu-
lated by the combined activity of multiple hormones [47,
44), =0 we took the opportunity to measure the concen-
trations of ABA, CKs, [AA, JA, 5A and associated metab-
olites (Fig. 3 and Additional file 2) and to determine the
effect of drought on expression of genes involved in their
metabolism and signaling pathways (Fgs. 5 6 7 and
8 and Additional file 7). In contrast to GAs, ABA levels
were strongly increased by water restrictions in both leaf
and root samples, sccompanied by up-regulation of genes
encoding NCED and ABASox metabolism enzymes
and the PP2C signaling components, as has been previ-
ously reported [65—70]. Several of the PYL {ABA recep-
tor) genes were down-regulated by drought, as has been
shown for the subfamily 11 PYLs (PYL4, PYLS5 and PYL&)
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in rice [71]. These genes are also down-regulated by ABA,
consistent with their involvement in ABA homeostasis
[72]). Two subfamily | PYL genes, PYLIT and PYL12 were
up-regulated, particularly in the leaf, as reported by [71].
The levels of the other analysed hormones responded
similarly to drought in the leafl and roots, although
expression of the genes monitored for their metabo-
lism and signal transduction changed much more in
the leaf tissues than in the roots. The very substantial
reduction in the levels of £Z and its riboside in the leaf
sheath base and root tip in response to water restriction
i1s consistent with reduced leaf growth and maintained
root elongation, which is inhibited by CK signalling
|73, 74]. The reduced ¢Z and its riboside was accompa-
nied by increased levels of their O-glucosides suggesting
enhanced conjugation, although, with the exception of
TaCOMGT-D1.1, there was limited indication of increased
expression of O-glucosyltransferase genes. Of the IPT
genes thought to be responsible for (7 biosynthesis [54],
only IPTE was expressed in the leal and was down-regu-
lated by drought. The reduced expression of CEX under
drought is in agreement with previous reports [75], but
was observed only in the leaf The lack of a clear cor-
relation between changes in CK levels and expression
of metabolism genes in rice in response to drooght was
noted in [7&], in which it was suggested that drought
affects CK distribution and degradation. In contrast to
those of £Z and its riboside, cZ and ¢ZR levels increased
in the leaf base and root tip under drought. &7 is thought
have a role in regulating growth under stress [77, 78], and
its increase is consistent with a stress response, although
this is not correlated with growth resiriction in the root.
Unexpectedly, there was no change in IAA content in
the leaf or root in response to drought, despite previous
reports of reduced [AA under such conditions, for exam-
ple [7&]. However, higher levels of 2-oxindole-3-acetic
acid in all tissues and of [AA-glutamate in the leaf base
indicate increased IAA turnover. Furthermore, RN A-seq
revealed down-regulation of genes encoding Aux/lAA
and ARF proteins, consistent with altered [AA signal
transduction in the droughted leaf. A role for jasmonate
in drought responses is well documented [79-81], with
reports of water restriction resulting in increased jas-
monate levels [82). However, in the current experiment,
the levels of JA and JA-isoleucine were lower in the
droughted organs, although expression of several JAZ,
COI and MYC genes encoding components of JA signal
transduction was up-regulated in the droughted leaf. 5A
levels were also reduced by drought in the leaf base and
root tip, although they were higher in the remaining beaf,
suggesting a redistribution under drought. Munoz-Espi-
noza et al. [80] reported transient increases in the levels

of 5A and JA in roots and shoots of tomato plants under
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water restriction, while ABA levels increased progres-
sively. Their results indicated that ABA reduced the pro-
doction of SA and JA as the drought progressed, resulting
in lower levels of these hormones in prolonged drought,
as found in the current study.

Summary and conclusions

Growth restriction in an elongating leaf as a result of pro-
gressive drought was associated with a reduction in bio-
active GA concentration in the leaf base, which contains
the growing zone of the sheath, while small increases in
bioactive GAs in the root tip under drought were consist-
ent with maintained root elongation. These changes were
not evident in the remaining leaf and root and were thus
associated specifically with the growth of these organs.
While drooght resulted in up-regulation of GAZox gene
expression in the leaf, in particular of TaGAZex4, quan-
titative analysis of GA catabolites and biosynthetic inter-
mediates indicated that reduced biosynthesis rather
than increased inactivation explained the reduction in
GA content. Genes encoding several GA-biosynthetic
enzymes were down-regulated by drought in the leaf, but
not in the root. These changes occurred throughout the
leaf suggesting that the distribution of GAs and precur-
sors may be an important factor in the response to the
stress. ABA and transcripts for NCED biosynthesis genes
and genes encoding type-A PP2C signalling components
were substantially increased in all tissues by drought
indicating that the stress was perceived throughout the
plant, although overall differentially expressed genes
were more abundant in the leafl tissues compared with
roots. The concentrations of (Z and its riboside were
higher in the leaf base and root tip than in the remaining
organs and were very highly attenuated under drought,
with increased concentrations of their O-glucosides. In
contrast, cZ and ¢ZR concentrations increased in the leaf
base and root tip under drought, in support of their sug-
gested role in stress responses, whereas the frans isomers
are associated with growth. The concentration of [AA
was unchanged, while those of JAs and SA were reduced
under drought for most tissues, potentially due to the
prolonged and progressive nature of the stress. For most
of the hormones investigated it was not possible to cor-
relate the changes in hormone abundance with expres-
sion of metabolism genes, and more detailed knowledge
of their distribution and its drought-induced changes will
be required.

Methods

Plant growth conditions and sampling

Seeds of Triticum aestivimt ov. Cadenza were imbibed
on wet filter paper at 4°C for 2 d in the dark and then
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germinated at room temperature for a further 2 d. Two
uniformly germinated seedlings were planted in pots
measuring 13x13x12 cm containing 500g of dried field
soil (loamy sand: #8% sand, 5% silt, 7% clay) and 1.5g
of Osmocote®™ fertilizer (Sierra Chemical), which had
been allowed to take up water to full capacity (0.26g tap
water per 1g of soil). One of the seedlings was removed
after 4-5 d. The soil water content was maintained at full
capacity for 7-Bdays until the 3rd leaf was visible, after
which watering of the droughted group was discontinued,
while the control group was watered daily as before. The
plants were grown in a controlled environment cabinet at
22/18°C and 70/80% relative humidity {day/night) with a
14-h photoperiod and light flux of 150 pmol-m— %5, The
length of each visible leaf was recorded daily. After 5 days
of drought, the 4th leaf from both sets of plants was har-
vested after removing the outer leaves and dissected into
the bottom 3-cm of the sheath and the remaining leaf
{Additional file 1; Fig. 51), which were frozen in hquid N,
The roots were washed briefly in water to remove soil,
dried on a paper towel and the length of the longest root
measured. 3-em of the tips of the major roots (seminal
and nodal) were dissected (Additional file 1; Fig. 51) and
frozen in liquid M., as were the remaining roots.

Evaluation of stress

The relative water content was measured on the 3rd
leaf using the protocol in [E3). Free proline content was
determined according to [84] with slight modifications.
Homogenized leaves (100mg) were incubated in 3ml of
3% sulphosalicylic acid at 96°C for 10minutes. Samples
were clarified by centrifugation and 1 ml of supernatant
was mixed with 2ml of 50% acetic acid, 2ml of 2.5%
acidic ninhydrin solution and boiled for another 30 min.
The reaction product was liquid-liquid extracted by 5ml
of toluene and the absorbance of the toluene fraction
was measured at 520nm. The concentration of proline
was determined using a standard curve (0-30pg) and
expressed as pg-me— ! of protein. Estimation of protein
concentration was according to [85] by spectrophotomet-
ric measurement of absorbance of PBS (100mM, pH7.8)
buffered leaf extracts at 260 and 280 nm. The level of lipid
peroxidation was determined by measuring the MDA
concentration as described in [86]. Gas exchange meas-
urements were made on the 2nd leaf using the LI-COR
&40-XT infrared gas analyzer with attached leaf cham-
ber L16400-40 (Li-COR, Biosciences). The measurements
were performed with a CO, reference concentration of
400 pmol-mol Y, an air flow of 200pmal-s~ 7, block tem-
perature of 20°C, photosynthetic photon flux density of
1800 pmols-m— 25! and relative humidity between 55
and 65%.
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Hormone quantitative analysis

For analysis of GAs, dissected leaf and root sections from
watered and droughted plants (harvested as described
above) were combined from 3 plants for each of 3 bio-
logical replicates for each tissue type and treatment and
then frozen in liguid N,. The samples were freeze-dried,
ground to a powder, from which 10mg was extracted in
the presence of 3pmol *H,-labelled GA internal stand-
ards (Olchemlm s.ro, Olomouc, Czech Republic), puri-
fied and analysed by UHPLC-MS-MS as described in [B7]
using a Xeve TQ-XS triple quadrupole mass spectrom-
eter (Waters Milford, MA, USA). For the global hormone
analysis, samples were prepared in the same way with 7
biological replicates and 3 mg sample extracted, purified
and analysed as described in [88].

Analysis of gena expression by gRT-PCR

Total ENA was exiracted from three biological replicates
of plant tissues using E.ZN.A® Plant BNA kit (Omega
Bio-Tek) and treated with RNase-free DINase | (Pro-
mega). cDNAs were synthesized by RevertAid H Minus
reverse transcriptase using oligo (dT)18 primers (Thermao
Fisher Scientific). The subsequent gRT-PCR analysis of
each cDMNA was performed in three technical replicates
on the CFX9 Real-Time System with a C1000 thermal
cycler (Bio-Rad). The reaction mixture contained 400nM
of each primer (Additional file 1: Table 52) and Xceed
qPCR S5YBR Green | mix {Institute of Applied Biotech-
nologies, CZ; discontinued). PCR efficiencies of primer
pairs were determined using a dilution series of cDNA
and standard curve method. The wheat a-tubulin gene
{TaTliBa, GenBank accession number UT&558) and a
gene with GenBank accession number CJ705892 [B9]
were used as reference genes. Mormalization of relative
gene expression was performed with respect to primer
amplification efficiency and the internal control genes as
described by [90], without taking into sccount the error
propagation from amplification efficiency determination.

RMA sequencing and differential gene expression analysis

Total RNA samples from the four sample groups were
isolated using the Monarch Total RNA Miniprep Kit
(New England Biolabs Inc., Ipswich, MA, USA) accord-
ing to the manufacturers protocol The RNA gquantity
and integrity were measured with an Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA).
Samples with BNA integrity number (RIN) higher than
6.3 were used in the RNA sequencing (RNA-seq) which
was performed at Novogene Co. Ltd. {Beijing, China)
on the lllumina NovaSeq 6000 platform with a paired-
end 150bp sequencing strategy. The raw data were fur-
ther processed, and low-guality bases were removed
using Trimmomatic-0.39 [91]. This included Illumina
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adapter sequences, bases with (Jscore <13 and reads
shorter than 36 bases. Cleaned reads were mapped to
the reference genome of T aestivam cv. Chinese Spring,
IWGSC RefSeql.1" using HISAT2-2.1.0 [92] with default
parameters. Reads count matrix was generated using
only uniquely mapped reads with Rsubread-2.0.1 (fea-
tureCounts function) [93]. Differential gene expression
analysis was performed using DESeq2? software [94].
LFC estimates were shrunken using the ashr method
within the lfcShrink function. Only genes with FDR-
adjusted p values =0.05 (Benjamin-Hochberg procedure)
and LFC of =1 or= — 1 (2-fold change) were considered
as differentially expressed. Hierarchical cluster analy-
sis (HCA) and principal component analysis (PCA) was
performed after regularized-logarithm  transformation
({rlog) of count data. For the heat maps in Figs. 4, 5, 6, 7
and 8 the normalized reads for the homoeologues were
combined and mean values for three biological repli-
cates were calculated. The LFC was calculated using the
formula: LFC =logy(B) - logy(A). where A and B are the
means of summed reads for watered and droughted sam-
ples. respectively. The number of normalized reads and
LFCs for individual homeologues together with the gene
15 are provided in Additicnal file 7. The heat maps were
generated using pheatmap-1.0.12 [95] R package and the
pathways were drawn using Inkscape 1.1. The heat map
in Additional file 1 : Fig. 53A was generated using Com-
plexHeatmap-2.2.0 R package [96]. Volecano plots were
generated using the EnhancedVoleano R package [97].

Gene ontology (GO) enrichment analysis

The functional enrichment analysis was performed
using gProfiler and gprofilerz R package (version elid_
eg51_pl5_3922dba) [98] with FDR <0.05 and LFC of
=1 or < — 1 for up-regulated and down-regulated genes,
respectively.
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Brassinosteroids (BEs) are essential phytohormaones

nt

regulating various developmental and physiological processes during
narmal growth and development. cog 1-30 (coguwheel1-30) was identified as an a.clivatirn—lag%m:l genetic modifier of bril-5, an
mneﬂe BR receptor mutant in Arabidopsis (Arabidopss thalima). COGT encodes a Dol-type transcription factor found

previously to act as a negative regulator of the phytochrome signaling pathway. cogl-30 single mutants show an elongated
hypocotyl pe under light conditions. A less-ofFfunction mutant or indudble sion of a dominant negative form of
B e o th

in

type results in an opposite phenotype. A BR profile assay indica
seedlings. Quantitative reverse transcaription- polymerase chain reaction analyses showed that several
are significantly up-regulated in cog1-310 compared with those of the wild type. Twao basic helix-loo;

that BR levels are elevated in cogl-30

r BR biosynthetic genes
ix transcription factors,

FiIF4 and PIF5, were found to be transcriptionally up-regulated in cog?-30. Genetic analysis indicated that FIF and PIF5 were
uired for COG1 to promote BR 'bim&uh&ds and hypocotyl elongation. Chromatin immunoprecipitation and electrophaoretic

ility shift assays mdicated that O
promaoter

31 binds to the promoter regions of PIF4 and PIF5, and FIF and FIFS bind to the
regions of key BR bicsynthetic genes, such as DWF4 and BR6ox 2, to directly promote their expression. These results

demonstrated that COGI regulates BR bicsynthesis via up-regulating the transcription of FIF4 and FIF5.

Brassinosteroids (BRs) are a class of naturally oocur-
rng homone mediating multiple developmental and
physiological processes during normal  growth and
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development, such as photomorphogenesis, vasoular
differentiation, senescence, cell elongation, and cell
division and differentiaion (Clouse and Sasse, 1998).
Within the last four decades, BR biosynthesis, cata-
bolism, and signal trareduction pathways have been
largely elucidated. It is known that brassinolide
(BL), the final product of the BR biosynthetic path-
way and the most active BR, can directly interact
with the extracellular domain of a Leu-rich t
receptor-like kinase (LRR-RLEK), BRASSINOSTEROID-
INSENSITIVE] (BRI1; Kinoshita et al., 2005; Hothom
et al., A011; She et al, 2011). BL binding to BRI1 causes
the release of BRI1 KINASE INHIBITOR1 from BRII,
allowing BRII-BL to associate with a second LER-RLEK
named BRII-ASSOCIATED RECEPTOE KINASEI]
(BAKI; Li et al., 200Z Nam and Li, 2002; Wang and
Chory, 2006; Jaillais et al, 2011). Structure analyses
revealed that BL is directly involved in the interaction
of the BRI1-BL complex with BAK1, which is consistent
with genetic data showing that BAK] is essential for the
early events of the BR signaling pathway (Gou et al,
201% He et al, 2013; Santago et al, 2013; Sun et al,,
2013). The perception of BL at the cell surface by BRI1/
BAKI1 initiates a reversible phosphorylation and
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dephosphorylation cascade, leading to the dephos-
phorylation and inactivation of an important nega-
tive regulator, BRASSINOSTEROID-INSENSITIVE2
(BINZ), a GSE3-like kinase (Li and Nam, 2002; Mora-
Gareia et al., 2004; Kim et al, 2009, 2011) Without early
BR sigraling, BIN2 phosphorylates BRASSIN AZOLE-
RESISTANTI] (BZR1) and BRI-EMS-SUPPRESSOR1
(BES1) to trigger their destruction (Wang et al., 2002b;
Yin et al, 2002). Recent studies revealed that BINZ
has additional substrates that modulate d ownstream
BR signaling. One of them is PHYTOCHROME
INTEEACTING FACTOR4 (FIFZ), a basic helix-loop-
helix transeription factor mainly regulating cell elon-
gation (Castillon et al., 2007; de Lucas et al., 2008; Oh
et al., 2012). BIN2 phosphorylates PIFS, leading this
transcriptional regulator to a proteasome-mediated
degradation process, which plays a prevalent role in
timing hﬁmmtyl elongation to late night (Bemardo-
Carcia etal ., 2014). When BR signaling is induced, BIN2
is inactivated, and BZR1/BES] and PIF4 are rapidly
dephosphorylated and subsequently move into the nu-
cleus to form a transcription factor complex synergist-
cally activating a common set of BR-regulated genes
involved in diverse processes of plant growth and de-
velopment (He et al., 2002; Wang et al., 2002b; Yin et al,
2002; Sun et al, 20010 Yu et al., 2011; Oh et al., 2012).

The main BR binsynthetic pathway has also largely
been elucidated (Zhao and Li, 2012). Campesterol is
thought to be the first precursor entering into the spe-
cific BR biosynthetic pathway. Campesterol is con-
wverted to campestanol through a C-22 oxidation
pathway. Campestanol is then converted to castaster-
one (CS) via an early or a late C-6 oxidation pathway
{Suzuki et al., 1994a, 1994b; Fujioka et al., 1995; Choi
et al., 1994, 1997). CS is ulimately converted to BL
(Yokota et al., 1990; Suzuki et al., 1993). Both CSand BL
are active BRs, with S showing only about 10% of the
activity of BL (Kinoshita et al,, 2005). Until now, more
than 70 BRs have been identified in plants (Fujioka and
Yokota, 2003; Bajguz, 2007). Catalyhc activities of sev-
eral BR biosynthetic enzymes, suchas DEETIOLATED2
(DETZ), CONSTITUTIVE PHOTOMORPHOCGENESIS
AND DWARFEM (CPD), ROTUNDIFOLIAS (ROT3),
CYPHID1, DWARF (DWF4), BRASSINOSTEROTD-6-
OXIDASEL (BRAox1), and BR6ox2, have been eluci-
dated. For example, DET2 catalyzes 5x reduction steps
of the early BR bicsynthetic pathway (Li et al., 199;
Fujioka et al., 1997, 2002; Noguchi etal, 1999). CPD is
involved in the C-3 oxidation steps of BR biosynthesis
{Ohnishi et al., 2012). DWF4 encodes a C-22 hydroy-
lase that catalyzes the C-22 hydroxylation of mulliple
BR biosynthesis intermediates (Choe et al., 1998; Fujita
et al, 2006). ROT3, also known as CYP90C1, and its
homolog CYPAD] are esential erzymes for the C-23
hydroxylation steps (Ohnishi et al., 2006). BRfox1 and
BR6ox2 catalyze multiple C6 oxidation reactions con-
necting the early and late C6 oxidation pathways. In
addition, BR60x2 participates in a final biosynthetic
step, converting CS o BL (Bishop et al., 1999 Shimada
et al., 2000; Kim et al,, 2005).
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COG1 Regulates BR Homeos tasis

Mutants impaired in BR biosynthesis show a severely
retarded growth phenotype, whereas application of an
excessive amount of BRs also inhibits root growth,
suggesting that BR homeostasis is eritical for optimal
growth and development (Chory et al,, 1991; Szekeres
et al., 1996; Choe et al., 1998; Clouse and Sasse, 1998).
Plants developed several strategies to tightly control
endogenous BR levels. For example, the expression of
many BE bicsynthetic genes is negatively feedback
controlled by the BR signaling pathway (Mathur et al.,
1998; Bancog et al., 2002). Activated BZR1 and BESL
can repress the expression of CPD and DWF4 by
directly binding to their promoters when BR signal-
ing s strong enough to maintain normal plant growth
and development (He et al., 2005; Sun et al, 2010; Yu
et al, 2011). Plants also can accelerate the BR biosyn-
thetic rate to quickly produce more BRs when needed
for certain developmental stages or environmental
conditions. TEOSINTE BRANCHED1 /CYCLOIDEA /
PROLIFERATING CELL FACTOR1 (TCP1) and
CESTA (CES) can up-regulate the expression of
DWF4 and CPD by associating with the conserved
motifs in their respective promoters (Guo et al., 2010;
Poppenberger et al., 2011; Gao et al, 2015). Auxin or
high temperature also can induce DWF4 expression
(Chung et al., 2011; Mahagan and Choe, 2011). How-
ever, the detailed mechanisms controlling BE. biosvn-
thesis by environmental cues are poorly understood.

To identify additional regulators mediating BR bio-
synthesis, we carmed out a large-scale genetic screen in
an inkermediate mutant of the BR receptor named bril-5.
A number of bril-5 genetic modifiers have been isolated
(Liet al., 2001, 2002; Zhou et al., 2004; Yuan et al., 2007;
Guo et al., 2010). One of these mutants is cogl-3D
(coguwheel1-3D). COGT encodes a Doftype ranscription
factor that is involved in phytochrome signaling and
seed tolerance o deterioration (Park et al., 2003; Bueso
etal,, 2016). In this report, we provide strong evidence
to show that COG1 can directly up-regulate the ex-
pression of PIF4 and PIFS by associaling with their
promoter regions. PIFE and PIFS bind to the promoters
of DWF4 and BRpox2 to directly enhance their expres-
sion. Our analyses revealed that PIFE and PIFS are key
regulators mediating BR bicsynthesis, demonstrating
that light sigraling is critical o B homeostasis.

RESULTS

cogl1-3D Partially Suppresses the Short-Hypocotyl
FPhenotype of bril-5

To identify additional components regulating BR
signaling or homeostasis, we generated a largescale
activation-tagging pool in a weak bril allele, Bril-5,
using a pBIB-BASTA-AT2 vector as described previ-
ously (Gou and Li, 2012). From about 120,000 trans-
genic plants, an extragenic suppressor was identified
with significantly elongated hy pocotyls compared with
bril-5 (Fig. 1, A and B). Scanning electron microscopy
analysis indicabed that the longer hypocotyls of the
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double mutants are caused mainly by elongated cells
(Fig. 1, C and D). Genetic analysis indicated that the
mutant phenotype s controlled by a dominant gene
that cosegregates with the herbicide-resistant gene from
the T-DNA of the activation-tagging construct.

To clone the gene responsible for the elongated hy-
pocotyl phenoty pe, we backcerossed the double mutant
with W52, and the bril-5 mutation was segregated out
The single mutants exhibit significantly longer hypo-
cotyls than those of WS2 (Fig. 2ZA). Thermal asymmetry
interlaced PCR was used to amplify the genomic se-
quences flanking the T-DNA inserion site (Liu and
Whittier, 1995). Sequence analysis indicated that the
T-DNA was inserted 1,400 bp upstream of the transla-
tion initiation codon of COGT (At1g29160; Fig. 2B). The
suppressor was named agl-30, astwodominant alleles,
mgl-D and cogl-2D0, were reported previously (Park
et al., 2003; Bueso et al, 2016). To further determine
whether COGI is the gene responsible for the longer
hypocotyl phenotype, transgenic plants harboring 355:
FLAG-COGI were generated. Among 50 total transgenic
ﬁmrﬂs obtained, over 9% of them showed elongated

vpocotyl phenotypes, similar to that of the cogl-3D
angle mutant (Fig. 2, A and C). Real<time reverse tran-
scription (RTFPCE analysis confirmed that COGT is in-
deed overexpressed in both the activation-tagged
mutants and the 355:FLAG-COGT transgenic lines (Fig,
200). These results confirmed that elevated expression of
COGT is the main cause of the longer hypocotyl phe-
notypes of the activation-tagged line.

W82 beil-8 bms wsz bril-5 bm'g';

I
im oL
M

Hypocatyl lenglh (mm) @
N

14
0.54
W T8 T PR R
e R
\® 5
o "

Fgure 1. cogl-30 pantially suppresses the shon hypocoty] phenotype
of bril-5. A, Phenotypes of W52, bril-5, and bri1-5 cogl-3Dseedlings.
B, Hypocoity] lengths of the seed lings shown in AL C, Scanning elecron
micrographs showing that cogl-30 partially suppresses the shon hy-
mwlmlllemhphmm«ped bri 1-5. Middle parts mmehvp::-cmvh
werewsed for the scanning analyses. Bars =150 um. [, Cell lengths of
bri1-5 and bri1-5 cog1-30 ypoootyk shown inC.
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Loss of Fundion by Ethyl Methanesulfonate Point
Mutation or Inducible Expression of the COGI-SRDX
Chimeric Gene Resulis in a Short-Hypocotyl Phenotype

To further determine whether the function of COG1
is required for hypocotyl elongation, loss-of-function
mutants of COGI weresearched from varous resources.
No T-DNA irsertion alleles were identified from avail-
able databases A copl-6 mutant was identified as an
intragenic suppressor of mgl-D, the first activation-
tagged allele of COGT (Park et al, 2003), from a large-
scale ethy]l methanesulfonate-mutagenized screen. The
cogl-6 mutant contains a deletion of a single G at posiion
85, resulting in a premature stop codon (Fig, 2B). The
copl-6 muttion caused a dgnificant inhibition of the
long-hypocotyl phenotype of cogl-D and a slightly re-
duced hypocotyl leng th compared with thatof wild-type
seedlings, especially under red light (Fig. 2, E and F;
Supplemental Fig, 51).

The subtle developmental phenotvpes observed in
cogl-6 plants suggested that homologs of COGL may
play redundant roles with COGL. As a matter of fact,
phyvlogenetic analysis revealed that a number of pro-
beins are closely relabed to COGI (Yanagisawa, 2002).
Therefore, we emploved a dominant negalive technol-
ogy, named chimerc repressor gene slencing, to fur-
ther examine the roles of COG1 and its homologs. This
technology has been used successfully to determine
the roles of numerous functionally redundant tran-
seription factors (Hiratsu et al, 2003; Guo et al,, 2010;
Poppenberger et al, 2011). COG1 was fused with an
EAR repressor domain (SEDX), and the chimeric ver-
sion should effecively repress the expression of the
target genes of COG1 and its redundant proteins. Since
constitutive expression of COGI-SRDX driven by the
355 promoter resulted in a seedling lethality phenoty pe
(Supplemental Fig. 52), we made a dexamethasone
(DEX}inducible COGI-SRDX construct (G VGCOGI
SRDX) and gererated comresponding transgenic plants
(Aovama and Chua, 197). Homozygous lines for the
transgene werne selected and examined for the hypo-
cotyl growth phenotype with or without DEX treat-
ment When 2-d-old seedlings from one-half-strength
Murashige and Skoog (MS) medium were transferred
to the medium containing DEX and grown for an ad-
ditional 5d, the GVGLOGI-5 RDX transgenic seedlings
showed significantly shortened hypocotyls due to re-
duced cell length (Fig. 2, G and H; Supplemental
Fig. 53), which i similar to the cogl-6 mutant and the
COGT antisense seedlings (Fig. 2, Eand F; Park et al,
2003). Without DEX treatment, the tramsgenic plants
show no defective phenotypes compared with the
wild tvpe (Fig. 2, G and H; Supplemental Fig. 53).
Nontransgenic plants grown on one-half-strength MS
medium with or without DEX treatment did not show
any altered phenotypes, confirming that the shortered
hypocotyl phenotype was indeed caused by induced
expression of COGI-SRDX. These results demon-
strated that COGL plays an important role in by po-
cotyvl elongation.
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The cogl-3D Seedlings Are Insensitive to Exogenously
Applied BRs Due to Elevated Endogenous BR Levels

COG1 partially suppressing the short-hypocotyl
phenotype of bril-5 suggests that COGT is involved in
BR-related pathways. To investigabe how COGT regu-
lates BR-related pathways, we first examined the effect
of 24-epibrassinolide (24-epiBL) on the hypocotyl
growth of mgl-30. The hypocotyl growth of WS2 is
promoted by exogenously applied different concen-
tratiors of 24-epiBL ranging from 1 to 1,000 raa (Fig.
3A). The hypocotyl growth of cogl-30 mutants, how-
ever, i insensitive to exogenously supplied different
concentrations of 24-epiBL (Fig. 3A).

Either blocking the BR signaling pathway or in-
creasing endogenous levels of BRs can result in plant
irsensitivity to exogenous BEs. The fact that cogl-30
shows an elongated but not a shortened hypocotyl
phenotyvpe suggests the BR signaling is at least not
blocked in cogl-30. The phosphorvlation status of BES]
was investigated with a specific anti-BES] antibody in
wild<typeand cogl-30 seedlings after treatment with or
without 1 pw 24-epiBL (Yin et al, 2002). Interestingly,
the levels of both phosphorylated and unphosphory-
lated BES1 in cogl-3D mutants were higher than those of
wild-tyvpe seedlings without BR treatment (Supplemental
Fig. 54A). Upon BR meatment, unphosphorylated BESI
was increased dramatically, and phosphorylated BESI

Plnt Physiol Vol 174, 2017
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disappeared in both wild-tvpe and mutant seedlings. The
amount of unphosphorylated BES] in cogl-30 also was
greater than that of wild-type seedlings (Supplemental
Fig. 544 ). Consistently, the expression of a BR signaling
marker gene, SAUR-ACI, was increased significantly in
copl-3D P‘l.d”l'? (Supplemental Fig. 54B). Thvw resulks
confirmed that BR signaling is e r1hdr1ud in cogl-3D
plants.

MNext, we investigated whether the endogenous levels
of BRs are elevated in cogl-30. If COG1 promotes BR
biosynthesis, the shortened hypocotyl phenotype of
COGI-SEDX should result from the reduced BE bio-
synthesis and the pln:ru:-ti'ipv should be rescued by ex-
ogenously applied BRs. Indeed, the shortened hy pocotyl
phenotype of GVGCOGI-S5EDX plants grown on me-
dium containing DEX was rescued by suppl ving 100 riv
24epiBL in the medium (Fig. 3B8). In addition, blocking
BR biosynthesis using a specific inhibitor, brassinazole
(BRZ), should shorten the hvpocotyls of agl-30 plants
(Asami et al., 200). Indeed, the wgl-30 seedlings ex-
hibited a hypocotyl length indistinguishable from that
of wild-type controls when grown on one-halfstrength
M5 medium agar plates supplied with 1 um BRZ
(Supplemental Fig. 55). These results support the hy-
pothesis that COGT promotes hypocotyl elongation by
increasing endogenous BR levels,

BRE. profile analysis was performed wsing W52 and
copl-30 seedlings. It s apparent that BL, 5, and
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several of their precursors are significantly elevated in
¢ 1-30 seedlings (Fig. 3C). For example, dolichoster-
one, teasterone and typhasterol are increased by ap-
proximately 2-fold in cogl-30 seedlings com with
the wild type; CS is elevated by about S+old in cogl-3D;
BLisincreased by 3-fold incogl-3D seedlings (Fig. 3C).
These results suggested that COGT possibly enhances
BR biosynthesis by affecting multiple reactions in the
biosynthesis pathway. Alematively, it is also possible
that BR catmbolism is decreased in cogl-3D.

COGI Up-Regulates the Expression of BR
Biosynthetic Gzenes

To examine whether BE biosynthesis is enhanced or
BR cambolism is decreased in cogl-30, we compared
the expression levels of all known key genes involved in
both BR biosynthesis and catabolism from cog1-30 and
wildtype seedlings. The trarscript levels of DETZ,
CYPIODI, and BR60x1 in argl-3D showed nosignificant
differences from those of the wild type (Sup plemental
Fig. 56), whereas the expression levels of CPD, DWF4,
ROT3, and BRG0x2 are significantly up-regulated in
mgl-30 and 355:FLAG CGEI compared with wild-type
seedlings (Fig. 4A). Consistently, inducible expresdon
of COGI-SRDX resulted in the down-regulaton of
these four genes (Fig. 4B). All the catabolism genes are
not significantly down-regulated in cogl-3D companed
with those in wild-tvpe seedlings. Several of the cata-
bolic genes are actually up-regulated in cogl-3D
Bupplemental Fig. 57) These results suggested that
BE accumulation in cogl-30 i caused mainly by en-
hanced BR biosynthesis rather than by decreased BR
catabolism.

To further investigate whether COG1 promoting
hy pocotyl elongation relies on BR biosynthesis, cog1-30
plants werne crossed with various mutants deficient in
BE bicsynthesis. The homozygous det? cogl-30, cpd
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cogl-3D, dwfd cogl-30, and bréox] broox? aogl-3D mu-
tants were obtained and examined for their hypocotyl
growth phenotypes. All these double or triple mutants
show hypocotyl elongation phenotypes indistinguish-
able from the corresponding single or double mutants
(Fig. 4, C and D). Furthermore, deficiency in BR signal
transduction also completely inhibits the hypocotyl
chmf,-.:thm of cogl-3D (Supplemental Fig. S8). These
results clearly indicated that COG1 regulation of hy-
pocotyl elongation depends on BR bicsynthesis and
signaling.

PIF4 and PIF5 Are Up-Regulated by COGT and Are
Required for COGI1-Mediated BR Biosynthesis and

Hypocotyl Elongation

Although the expression of CPD, DWF4, ROT3, and
BRoox2 is transcriptonally regulated by COGI, we
failed to detect the direct associationof COG1 with their
promoters by chromatin immunoprecipitation (ChIF)
analyses, indicating that COGT regulates the expression
of these genes possibly via other unknown transcrip-
tion factors. An RNA sequencing analysis was per-
formed t compare the expression profiles of WS2 and
cogl-3D. We identified a total of 443 genes displaying
statistically significant 2-fold expression changes in
cogI-30 compared with wild-tvpe seedlings, including
37 trarscription factors (Supplemental Table S1). PIFL
and PIF5 are among those 37 transcription factors, PIFS
and PIFS play a pivotal role in cell elongation by di-
rectly elevating the expression of genes involved in cell
wall ltmcnin{; (Huq and Quail, 2002; de Lucas et al,
2008; Oh et al., 2012; Supplemental Fig. 59). To inves-
tigate whether PIFE and PIF5 are involved in COGI-
mediated hypocotyl elongation, the expression of PIF4
and PIFS in cogl-3D and wild-tvpe plants was cone
firmed using real-ime RT-PCR. Both PIF4 and PIF5 are
up-regulated in cogl-30 as well as 3535:FLAG-COGI
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seedlings compared with wild 4y pe plants (Fig. 5A). To
investigate whether the protein levels of PIF4 and PIF5
also are accumulated, we performed westem-blot
analysis. Consistently, the protein level of PIFS is in-
creased significantly in cogl-3D and 355 FLAG-COGI
seedlings (Supplemental Fig. 510). PIFE levels in cogl

30 and 3BSFLAGCOGT were not examined due to
unavailable specific antibody against PIFL. Inducible
expression of COGI-5SRDX, on the other hand, resulbed
in sigrificantly decreased expression of PIF4 and PIFS
(Fig. 5B).

To further determine whether FIF4 and PIFS are es
sential for COGI-mediated cell elongaton, cogl-3D
plants were crossed with pifd and pifs single and pifd
pif5 double mutants. The pifd cogl-30 and pif5 cogl1-3D
seedlings exhibited partially inhibited hypocotvl elon-
gaton compared with the cog1-30 single mutant (Fig. 5,
C and D), whereas pifd pifs wgl-3D triple mutant
seedlings showed hypocotyl length almost identical to
that of the pifd pif5 double mutants (Fig. 5, C and D).
Flants groswwn under continuous red light showed sim-
ilar results (Supplemental Fig. 511). In addition, the
expression levels of CPD, DWF4, ROT3, and BRA0x2 in
pif4 pifs cogl-30 triple mutants showed no significant
differences from pifd pifd double mutants (Fig. 5E)
These results suggested that the function of COGT in
regulating BR biosynthesis and hy pocotyl elongation is
dependent on PIF4 and PIFS.

COGI Binds Directly to the Fromoters of PIF and PIF5

Since PIF4 and PIFS are transcriptionally regulated
by COGL in plants and the function of COGL is de-
pendenton PIF4 and PIFS (Fig. 5), wehy pothesized that
COG] may directy regulate the expresson of PIF4 and

Plnt Physiol Vol 174, 2017
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PIF5. To test this hy pothesis, COGT was fused with a
hormone-binding domain of a human estrogen recep-
tor (ER) at its C terminus, and transgenic plants har-
borng the chimeric gene driven by a 3535 promoter (355:
COGI-ER) were generated. Six-day-old transgenic
seedlings wene pretreated with 10 pu eyelobeximide
(CHX) tor 2 h to prevent the biosvnthesis of new pro-
teirs. Estradiol was then added to the liquid culture to
induce preexisting OOG1 to enter the mucleus. The ex-
pression of PIF4 and PIFS was rapidly activated fol-
lowing estradiol induction, demonstrating that OO0
can directly regulate the transcription of PIF4 and PIF5
(Fig. 6A). Previous studies demonstrated that Dof-ty pe
transcription factors bind to the 5°-A/TAAAG-3" core
sequences or their reversibly complementary sequences
5CTTTAT-3" in the promoters of their arget genes to
regulate gene expression in Arabidopsis (AreBidopsis
thaliara; Yanagisawa, 2004). Sequence scanning revealed
that there are several putative Dof DN A-binding motifs in
the promoter regions of PIFY and PIFS (Fig. 6B). To de-
termine whether O0G] associates with these motifs in the
FIF4 and PIF5 promoters, 355FLAG-COG] transgenic
plants were used for ChIF assays. After immunoprecipi-
tation of protein-DNA complexes from 7-d-old seedlings
using an antbody against the FLAG epitope, enriched
DMNA fragments were amplified by gRT-PCR using
primers that annealed near the Dofbinding motifs in the
promoters of PIF4 and PIFS, Qur results showed that at
least one fragment in the PIF4 or PIFS promoter region
was indeed enrched in the ChiP assays, sugpesting that
COG1 associates directly with the promoters of PIFL and
PIF5 (Fig. 6C).

To further confirm the direct binding of COGI to the
FPIF4 and PIF5 promoters, we performed an electro-
phoretic mobility shift assay (EMSA) using purified
GET-COGT fusion probein from Escherichia coli. Our
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results showed that GST-COGT bound to the biotin-
labeled Dof-binding motif-containing DNA fragments
in the promoters of PIF4 and PIFS, as suggested by the
ChiP assay (Fig. 602). Furthermore, the binding could be
competed off by adding an excessive amount of unla-
beled same DNA fragments. However, the unlabeled
DA probes containing mutated Dofbinding motifs
failed to compete off the binding of COGT o the biotin-
labeled wild<tvpe DNA fragments (Fig. 60). Control
experiments indicated that GST protein alone failed to
bind to the labeled DNA probes (Fig. 6D). Taken to-
gether, we conclude that COG1 can bind directly to the
promoter region of PIF4 and FIFS and directly enhance
their expression.

FIF4 and FIF5 Directly Regulate the Expression of DWF4
and BRfox2

Two pieces of evidence suggest that PIF4 and PIFS
might directly regulate the expresion of BR biosyn-
thetic genes. First, COG1 regulation of the expression of
BR biosynthetic genes is dependent on PIF4 and PIF5
(Fig. 5E). Second, the transeript levels of BReox2 are
reduced significantly in pifd pif5 double mutants com-
pared with those in the wild tvpe (Fig. 5E). Given the
fact that PIFs bind to the Gbox motifs in their target
gene promoters, we searched for Gbox motifs in the
promoters of CPFD, DWF, ROT3, and BRéox2. G-box
maotifs were found in the promoters of CPD, DWF4, and
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BRAox2 but not in the promoter of ROT3 (Fig. TA;
Supplemental Fig. S12A). To test whether PIFE and PIFS
bind to the G-box-containing regions of these three BR
bicsynthetic genes, we performed ChiP assays using
the 355:PIF4-FLAG and 355:FIF5-FLAG transgenic
plants and anti-FLAG antibody. PCR analyses indi-
cated that PIFA-FLAG specifically associates with the
G-box-containing promoter regions of CPD, DWF4, and
BR6ox2 (Fig. 7B; Supplemental Fig. S12B). PIF5-FLAG
associates with the Gebox-conaining promoter region
of DWF4 but not with the promoter regions of CPDY and
BRoox2 (Fig. 7B). EMSA experiments using PIF4 and
PIFS proteins expressed in vitro further confirmed that
PIF4 directly bound to the Gbox-contining DNA
fragments in the promoter regions of DWF and BR6ox2
(Fig. 7, Cand D). PIF5 specitically bound to the CG-box-
containing DNA fragments in the promoter region of
DWF4 (Fig. 7E). The binding could be effectivel v com-
peted off by the addibon of an excessive amount of
unlabeled Crbox-containing DNA probes (Fig. 7, C-E).
As a control, DNA probes containing a mutated Gbaox
mobf (CACGGG) filed to compete off the binding of
PIF4 or PIF5 to the biotin-labeled DN A fragments (Fig.
7. C-E). Moreover, we examined whether PIFE and
PIFS regulate the expression of DWF and BRbox2 in
planta. qRT-PCE analysis showed that the expression
of DWF4 and BR6ox? is significantly up-regulated in
both 355:PIF4 and 355:PIFS transgenic plants relative to
wild-type seedlings (Fig. 7F). PIF4 was taken as an ex-
ample to further confirm that this regulabion is via a
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Figure 6. COG1 interacts directly with the promotess of PIFd and PIFS. A, Expression levels of PIF4 and PIFS in WS2 and 358
COGT -ER transgenic planss with or without estradiol treatment in the presence of CHX. W52 and 358 COGT-£R seedlings were
pretreated with 10 pm CHX for 2 h, then elther modk solution {ethanol} or 10 pm estradiol was added 1o the liquid sokation for
another 2 h before harvesting for RNA extraction and qRT-PCRanalyses. B, PIF4 and PIFS promoter regions contain multiple Dof
motifs {red or blue upright lines). P1to P5 indicate the DNA fragments amplified in ChIP-PCR assays. C, ChiP-quantitative PCR
assays showing that COG1 associates with the promoters of PIF4 and PIFS invivo. One-week-old WS2 and 358 FIAG-COG]
seedlings were harvested for ChiP experiments. gRT-PCR was used 1o quantify enriched DNA fragments in the PIF4 and PIF5
promotess. D, EMSA showing that COG1 binds to the Dof motifs in the promaoter regians of IR and PIFS in viro. The enriched
DNA fragments in the promoters of PIR? and PIFS were incubated with GST-COG1 recombinant proteins as indicated. GST
proteins were used a5 negative controls. Competition for COG1 binding was performed with 100X and 200X unlabeled probes
containing the enriched DNA fragments {wild type [WT)) or mutated DNA fragments (M),

direct process. Consistently, the expression of DWF4
and BR6ox2 can be rapidly up-regulated in 355:PIF4-ER
transgenic plants upon the treatment with estradiol in
the presence of CHX (Fig. 7G). As a result, the final
product of the BR biosynthetic pathway, BL, is increased
significantly in 355:PIF4 and 35S:PIF5 transgenic plants
(Fig. 7H). Together, these results corroborated that PIFE
and PIF5 redundantly and directly regulate the expres-
sion of DWF4 and BR6ox2 to promote BR biosynthesis
and hypocotyl elongation.

DISCUSSION

Regarding BR related research, the least character-
ized aspect is (Erobably the mechanisms controlling BR
homeostasis. Consistent with other growth-promoting
phytohormones, such as auxin, GA, and cytokinin, both
deficiency and excessive amounts of BR are harmful to
plant growth and development. Unlike other phyto-
hormones, BRs cannot be transported in a long-distance
manner. Therefore, controlling BR homeostasis in a

Plant Physiol Vol 174, 2017

certain tissue or a cell is extremely important to their
biological functions. In this study, we identified a
dominant genetic suppressor, cogl-3D, of a weak BR
receptor mutant named bril-5. cogl-3D and cogl-3D
bril-5 showed significantly longer hypocotyl pheno-
types relative to their corresponding backgrounds, WS2
and bril-5, m:ﬁ‘tively (Figs. 1A and 2A). BR profile
analyses revealed that multiple BR intermediates, in-
cluding two biologically active forms, CS and BL, are
drastically elevated in cogl-3D in comparison with
those in wild-type seedlings (Fig. 3C). Transcription
assays ruled out the possibility that it was caused by
decreasing BR catabolism. Rather, it appeared that the
accumulation of BRs is most likely caused by the en-
hanced BR biosynthesis. Consistently, several key BR
biosynthesis genes are u ulated in 1-3D (Fig.
4A).yBetailedbanalyses fuﬂzrg suggestedmtﬁat cogl-3’l’_,)
up-regulation of the expression of BR biosynthetic
genes is largely dependent on the function of PIF4 and
PIF5. In the pif pif5 background, wg1-3D cannot pro-
mote the expression of BR biosynthetic genes and, as a
result, fails to enhance hypocotyl growth (Fig. 5, C-E).
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Figure 7. MF4 and PIF5 bind diealy 1 the promoter regions of BR biosynthetic genes and activate their exgression. A, Schematic di-
agrams of the promoter regions of two BR biosynthetic genes, (DWFE and BR60x 2. Red upright lines regresent G-box DNA motifs. P1 and
P2 are the DNA fragmerts for ChiP-PCR amplification. B, ChiP analysis showing that PIFA-FLAG and PIF5FLAG ineract with the G-box-
containing mgions within the DWF4and BR60x2 promotes upon precipitation with anti-FLAG antibody. Oneweekeold WS2, 355:P1F4-
FLAG, and 355PIF5-AAG seedlings were harvested for ChlPexperiments. gRFPCR was used 10 quantify the enriched DNA fragments in
the DWFand BR6ox2 promotess. C and D, EMSA ind cates that IF4 bindk tothe Ghox matifs within the promates regions of DWH and
BR60x2. The biotind abeled prbes containing the Gbox elements were incubatedwith TNTexpressed PIF4 protein, which was wsed for
gebshift analyses. The probes incubated with the TNT exgression system without the PIF4 template were wsed a5 negative controks.
Nonlabeled probes containing G-box (wild type [WT)) or mutated G-bax (M) with 10- or 1004old molar concertations over the biotin-
labeled probe were used as cold competitos. E, EMSA shows that PIF5 binds tothe G-box motifs in the promoter of DWF4, The fragments
containing the G-box motifs present in the promotess of DWHR? were incubated with TNFexpressed PIFS pratein, which was wsed
subsequently for EMSA analyses. Compatition for PIF5 binding was perfarmed wsing 10-and 1004old unl abeled probes containing G-box
or mutated G-hox. £, DWEE and BR60x2 esxpression levels in T-wesk-dd WS2, 358 HF-AAG, and 358PIFSFILAG seedings. G, Ex-
pression levels of DWES and BR602 in WS2 and 355:PIF-ER tansgenic plants with or without esradidl treatment in the presence of
CHX. WS2 and 355 PIF-ER seedl ings wese pretseated with 10 pm CHX for 2 h, then either mock solution jethanol) or 10 pmestradid was
addedto the liquidsaution for another 2 h befare harvesting for RNA extraction andgRFPCR analyses. H, Endogenous BL levels inWs2,
358 PIF-AAG, and 355:PIF5-AAG seedings. The data shown are averages and so from theee independert replicates. FW, Freshweight.
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EMSA experiments clearly indicated that COGI binds
directly to the promoter regions of PIF4 and PIF5 to
regulate their expression. PIFS and PIFS associate with
G-box motifs in the promoters of DWEFE and BRéox2
(Figs. & and 7). Our results obkined from genetic,
physiclogical, and biochemical analyses provide strong
evidence to support that COG1 modulates BR biosyn-
thesis and hypocotyl growth via PIF4 and PIFS in
Arabidopss.

How can we explain the role of COG1 in promoting
hypocotyl elongation in the wild tvpe or a weak allele of
the BRIT mutant but not in BR-deficient mutants or a
BRIl null mutant? Our curment observations suggest
that COG1 activates the expression of PIF4 and PIF5,
which subsequently enhance BR biosynthesis and sig-
nal transduction to promote hypocotyl growth. In the
wild-type background, BRI1- and BAK1-mediated BR
signaling results in the dephosphorylation and activa-
tion of a BZR1-PIF4 franscription factor complex that
regulates the expression of a large number of genes
imvolved in cell elongation to modulate hypocotyl
growth (Wang et al., 2002b; Oh et al., 2012; Bemardo-
Garcia et al., 2014). COGI up-regulates the expression
of PIF4 and PIF5, enhancing the functon of the BZR1-
PIF4 complex on hypocotyl elongation. In addition,
PIF4 and PIF5 also promaote BR biosynthesis, leading to
elevated BR signaling, thus further enhancing the
function of the BZR1-PIF4 complex (Fig. 8A). In the bril-
5 background, however, BR signaling is partially im-
paired. Since BRs are largely accumulated in bril-5
(MNoguchi et al.,, 1999a), the elevation of BR bicsynthesis
alone cannot explain the hypocotyl growth seen in cog1-
3D bril-5. 1t is likely that the elevated PIF4 promotes the
complex formation with a leaky amount of nucleus
localized funciional BZR1 to regulate downstream

BRI 1

¥
BIN2 —> BINZ

"' pn:nmnl =

<+ iangainn A

-"'hmprm i

- U Iun.
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geneexpression and slighly enhance hypocotyl growth
in bril-5 (Fig. 8B). In BR signaling or bicsynthesis rull
mutants, BZR1 and PIF4 are phosphorylated by BINZ,
leading to their degradation (He et al., 2002; Bernardo-
Garcia etal, 2014). Thus, COG1-mediated regulation
of PIF4 carnot promobe the formation of the BZR1-PIFS
complex and failstoenhance hypocotyl growth (Fig. 8C).
These results indicated that the function of COGI in
regulating hyvpocotyl growth is dependent on both PIFS
and BRs.

PIF4 and PIFS were found initially tointeract directly
with PHYB and act as its downstream components to
mediate hybcu_h.me signaling (Hug and Quail, 2002;
Shen et Recent studies suggested that ﬂﬂeyare
the main mbegramm in light and hormonal signaling
pathiways 0 mediate hypocotyl elongation (de Lucas
et al., 2008; Bai et al., 2012; Gallego-Bartolomé et al,,
2012 Ohet al., 2012, 2014; Bemardo-Garcia et al., 2014).
PIFY interacts directly with BZR1 and ARFS o cor-
egulate a large number of target genes critical for cell
expansion, providing evidence for the cross talk mcmg
BR, auxin, and phytochrome during hypocotyl
{Dh et al, A14). Furthermaore, GA promotes elnn-
gation large{y by releasing the DELLA-mediated re-
pression of PIFL, BZR1, and ARF6 (Bai et al, 2012;
Gallego-Bartolomé et al., 2012). In addition to DELLA
proteins, the activity and levels of PIF4 are regulated by
several other mechanisms. Interacion with the Pfr form
of PHYB induces the phosphorylation and degradation
of PIF4 (Hugand Quail, 2002; Shenetal,, 2007). A recent
study found that BIN2 phosphorylates PIFS to bring it
to a degradation pathway (Bernardo-Garcia et al,
2014). Additonally, the expression of PIF4 can be in-
duced in response to far-red and red light (Hugq and
Quail, 2002). Temperature and the circadian clock also

o O
"

Figure 8. Amode forCOGT promating hypocotyl eongation. A, In the wild-type background, COGT agiakesthe expression of
PiF4, which not anly enhances the function of the BZR1 -PIF4 complex on hypoomty| elongation but also promotes BR biosyn-
thesis, further enhancing BR signaling and, fius, the function of BZR1-PIF4 on cell elongation. B, Inthe bri1-5 hackgnound, e
ekvation of BR bicsynthesis has no effect on ypocotyl growth, since BR signaling b pantially impaired. However, the dewted
PIF4 by QO promates the complex fomation of BZR1 -PIF4. and, this, downstream gene expression 1o partially enhance
Iypocoty] grow i in bril-5. C, In BRsignaling or biosynthesis null mutanss, BZR1 and PIF4 are phosphorylated by BiNG, leading
1o thedr degradation. Thus, the COG1-mediated up-regulation of PIF4 faik to enhance hypocoty] growth,
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control the transcription levels of PIFs (Leivar and
Quail, 2011). However, the transcripton factors that
directly regulate the expression of PIF4 are largely un-
knowrn A previous study revealed that COGT expres-
sgon eould be induced by far-red and red light, which is
similar to that of PIF4 (Hug and Quail, 2002; Park et al.,
2A003). In this study, we demonstrated that COG1 binds
directly to the promoter regions of PIF4 and PIF5 to
regulate their expression (Fig. 6).

Biosynthetic pathways are frequently feedback reg-
ulated by their end products or their signaling pathway
either positively or negatively. For example, ethylene
can both positively and negatively regulate its biosyn-
thesis by up-regulating the expression of ACS2 and
ACS4 and downeregulating the expression of ACS6
(Wang et al., 2002a). Abscisic acid induces the expres-
don of AINCED3 to positively regulate its biosynthesis
under dehydration stress (Yang and Tan, 2014). BR
dgnaling is utilized to create a feedback inhibitory
regulation loop to control the expressdon of BE bio-
synthetic genes (He etal., 2005; Sun et al, 2010; Yu etal,
2011). Together with previous studies, our results
support a positive feedback regulatory loop of BR bio-
synthesis by PIF&-mediated signaling (Fig. 8). In the
absence of BR, BIN2 phosphorylates PIFS, leading toits
degradation process and the inhibition of hypocotyl
elongation (Bermardo-Garcia et al., 2014). In the pres-
ence of BR, activated BRI1 and BAK] receptor kinase
lead to the inactivation of BIN2Z PIF4 then can interact
with BZR1 to regulate the expression of their target
FENES ani&mnmhe hypocotyl growth (Oh et al., 2012;
Bernardo-Gareia et al., 2014). On the other hand, PIF4
activates the expression of DWF4 and BRéox?2 to pro-
duce more BRs and further promote hyvpocotyl elon-
gation. Meanwhile, BZR1 can inhibit the expression of
BR b'mfg-'nﬂﬂeti.cieres when BRs are excessive to plant
growth and development (He et al., 2005). Such positive
and negative feedback loops ensure optimal BR effects
on plant growth and development. How plants reset
the equilibrium of BR in response to developmental and
environmental signals is a question t be answered in
the near future.

Understanding the mechanisms controlling BR ho-
meostasis can help us to develop strategies to optimize
plant growth and development via genetic engineering
in the future. BR. profile analysis showed that the sub-
strates of DWF4 are always plentiful in plants. How-
ever, the products of the DWF-catalyzed reactions are
considerably low or even undetectable, suggesting that
DWF4 catalyzes a flux-determining step in BR biosyn-
thesis (Guo et al., 2010). BRaox2 was identified as a
bifunchonal enzyme that mediates the conversion of CS
to BL, the final and rate-limiting step in BE. biosynthe-
ds as well a2 BR C-6 oxidation (Kim et al., 2005).
Controlling the expression of DWF4 and/or BR6ox2
could be an effectiveapproach o alter BR production in
response o extemal and intemal cues. TCP1 was
identified as a transcripion factor promoting the ex-
pression of DWF4 (Guo et al., 2010). Auxin and high
temperature also can induce the expression of DWFH
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via mechanisms yet to be determined (Chung et al.,
2011; Maharan and Choe, 2011). However, transcrip-
tional regulation of BRAex2 is not deseribed in the lit-
erature. Our data revealed that PIF4 functions as a
positive regulator enhancing the expression of DWF
and BRéox2, lead ing to an increase of bicactive levels of
BRs in cogl-3D (Figs. 3C and 7). PIF5, a homolog of
PIF4, also can bind tothe promoter of DWF toactivate
its expression (Fig. 7).

Interestingly, CPD also is up-regulated in COGI- and
PIF{-overexpressing plants, and the ChIP assay
showed that PIF4 associates with the promoter of CPD
(Fig. 4A; Supplemental Fig. S12C). However, we failed
to detect the direct binding of PIFS to the CPD pro-
moter, indicating the existence of other transeription
factors that regulabe CPD expression together with
PIFL. The expression levels of CPD and DWF are not
altered slﬁ_lniﬁu:ard:ly in pifd pif5 double mutants com-
pared with the wild type (Fig. 5E), which should be
caused by the functional redundancy of other tran-
seription factors, such as CES and TCP, that regulate
the expression of these two BR biosynthetic genes. And
theremight be more transceription factors regulating the
level of these two BR biosynthetic genes. Teasterone, an
earlier BR intermediate converted from cathasterone by
ROT3, also is increased in cogl-3D (Fig. 3C). However,
ROT3 is not regulated directly by PIF4 and PIF5, sug-
gesting that COG1 may regulate ROT3 expression
through other transcription factors. Typhasterol and 05
are both elevated in cogl-3D, indicating that COG1
:gﬁulahaf. genes essential for C-3 dehydrogenation, C-3

uction, and C-2 hydroxylation. Tt is known that
0sD2 and OsD11 are responsible for the C-3 dehydro-
genation and C-3 reduction reactions in rce (Oryza
sativa), respectively (Hong et al, 2003; Tanabe et al,
2005). C-2 hydroxylation of BRs is mediated by DDWF1
in pea (Pisum satfoum; Kang et al, 2001). However, the
erzymes catalyzing these reactions in Arabidopsis are
notidentified. It is possible that homologs of these three
evtochrome P450s that are up-regulated in cog1-3D are

e potential enzymes responsible for the correspond-
ing reachions in Arabidopsis.

MATERIALS AND METHODS
Plant Materials

The Ansbidopsis (Ambidopsis thalima) bilS ogl-3D double mutant was
abtained from a largesale activation-tagging screen for bril-5 genatic madi-
fiers 25 described previously (Liet al , 2001, 2007, Yuan et al, 307; Guo et al,
2010} The aopl-3D single matant was generated by hackerossing bril -5 ogl-3D
with W52 Other plant material, including bril-5, bilf, det?, opd, dwff, and
cql-l:l,wmch:su—ihdpmv'nuﬂy Nogudi et al, 1993a; Park et al, J005; Guo
et al, A0} The cogl-& mutint wasidentified from an ety methanesulfonaie-
mutzgenized agl-D seed pool The briecd (Salk 148584), brbme? (Salk_148584),
pifd Salk_1400935), and pif (Salk (S0 X) T-DA A insertion Hnes were cbtined
from the Arbidopsis Binlogical Resoure: Center. The bils, bril-4, det2, and
dwf mutants are in the WS2 badeground. The opd, brfox)2, pifl, and piS
mutant are i the Cohimbi 20 background. The double ar triple mutants were
Fenetated by genaic oo ng using the relaed sngle mutants. Theogpd aogl-30,
b1 2 eog1-30, and pifl pifS oo 1-30 mutants were then backenossed with the
W52 emtype for at lest five times.
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Identification of the cog1-3D Locus

The flanking genamic sequence of the inserted T-ONA of pEE-BASTA-AT2
was amplified using thermal 2symm anic interlaced PCR a5 desaribed previ-
ously (Lin and Whittier, 1995; Yuan et al | A7, Guo o al, 301} The T-DRNA
imsertion siie was defermined by sequencing the flanling genomic TINA.

Constructs and Plant Transformation

Gateway echnolagy was employed o done the coding sequences of O0G],
PIFi, and PIFS {Gou et al | W10} The arq)hfni C0G] coding SEJUETIE Was
cloned inio a pEarleyate X2 destination vector {Earley et al, 2004} The PIRS
and FIFS coding were cloned into a pBIB-35S-GWER-FLAG vectar
{Gou et al, M1). For the construction of 35500G1-ER and 355PIFI-ER, the
coding sequences of these two genes were introduced in a2 pBE-355-GWR-ER
wector. For the construction of 355:00G1-SROX and GVG0DGI-SROX, ODG] -
SROX was PCR amplified and introduced in a p BE-355-GWR vector and 2
Gamway- ke pTATOZ vector (Aovama and Chua, 1997; Gou et al,
2000} These epression constructs were fuen transformed into Agmodncterium
tumefariens strain GN3101 for transformation of Arabidopsis plants by the
flowral d:ipmﬂmd.{clnughmd.ﬁmt, 1998) Tllgp:r.i:msued. are listed in
Supplementa] Table 52

Hypocotyl Measurements

Sl wene surface sterili zed for 15 minin 109 bleach, washed five times with
sierilized water, and planied on one-half-strength MSagar plaies contining 1%
{w v} Suc, with ar without rr'ﬂil?hmmpﬂ:umdmd‘tfﬂ
3 d and then transferred to a growth chamber setat 22°C with a 1é-helight/8-h-
dark photoperiod or in continwous red light for & d. The GVG00GI-SROX
seads wene planted on one-half-strengfh M5 agar plaes contining 1% fw/v)
Suc Two days afer garmination, the seedlings wene transferred to one-half-
strength MBS agar plaies containing 1% (w/v) Sucand 10 g DEX, growing for
amother 5 d. Hypowityk of the seedlings were then smmed and measured 25
reporied previously (Yuan et al, 207) A Dl measunem ents were repeaied three
times, and at least 2 seedlings were mmsured for each genatype. Student's
i test was pm'frnud. & P QDS =, P < 0.01; and ==, P < 0001}

qRT-PCR Analyses

Long-day-grovwn seedlings were harvested directly or after tre tment with
DEX ar esstradio] and CHX at fhe same ime of day and fromen inliquid nitrogen
for RNA extraction. Total RNA was extracted using the RN Aprep Pure Plant
Kit (Tiangen Biowech). Five micograms of total RN A was reverse transoribed
into first-strand JONAs using M-MLV reverse transcriptase (Thema Fisher
Sdentific) according to fhe manufacturer’s instructions. The TN A samples
ditwied 10-old were used a5 PCR templaies. gRT-PCR was paribrmed wring
SYER Premax Ex Tag T (TaKaRa) on a Step One Plus Real-Time PCR machine
{Thermo Figher Scientific). The nelative nprﬂﬂ'm evel was clarlated from
three replicates using the AAMC, method after nommaliza tion to an ACT2 contral
All the qRT-PCR analyses were performed for three biolagical replhicates,
yieling smilar nesults. Data shown are means and = from three binlagical
rq)]mm1'stm1wapm:hnnad.ﬁpd Q05" P = 00 =, P <0000
and ms, not sigmifimnt) The primers used are listed in Supplemental Tahle 52

BR Profile Assays

Samples were analyzed for BR conien's 25 desaribed previously with a faw
madifications (Swacrynova et al, X07). Briefly, 50 mg of fresh Arsbidopsis
tissue samples was homogenized to a fine consisency using S-mm Frconum
oxide beads and an MM 301 vibration mill at 2 frequency of 30 Hz for3 min
{Retsch) The samples wenethen extracted ovemight with stiming at4°C using a
bernchinp kebaratory rotainr Stuart SBS; Bibby Scientific) afier the addition of
1 mL of ie-oold 6% aceioni rleand 10 pcmdnfﬁi;'lBL.l LS, |sz-_]34.-:|!'1,
FHL]epinstsemons FHIZSnorbrasinolide, and [FH.]28 nor mstasterone
asintemal stendards (CBChemlm]). The mnp]ﬂwmﬁrﬂu centrifuged, P‘ll'.i-
fied on polyamide SPE alumns Supeln), and then analyzed by whra-high-
performance liquid chromangraphy-tandem mass spectomatry Wicnomass |
The dats were analyzed using Masshnx 4.1 software (Waters), and BR conient
wias. finally quantified by fhe standard isotope dihrtion method (Rittenberg and
Foster, 1940).

Plnt Physiol Vol 174, 2017
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ChIP-PCR Assay

Twe grams of one-week-old WS2, 358FLAG-00G], 358PIR{-FLAG, and
355:PF5-FLAG tramsgenic seedlings was harvested for ChIP' experiments.
Chromatin was solited and sonicated i generate DNA fragments with an
average size of 500 bp. The solubilized chromatin was i Ipitated by
an agarost-onugaied ant-FLAG antbody S gma-Aldrich). The aimmuna-
predpitied DNA was recovered and analyzed by quantitative PCR with SYBR
Premic Ex Taq T (TaKaRa). Relative old enrichment was caloulated by nor-
malizing the amount of 2 trget DNA fragment against that of an ACT2 pro-
moier fagment and then against the respective mput DNA samples. Three
independent biological repmts were peribrmed, yielding s milar resul . Shown
are representative dat from one biclogicel replicate. Student’s ¢ test was per-
formeed (%, P 005 <, P < 001;and ==, P < 0001} The primers used are sed

in Supplemental Table 52

DNA Gel-Shift Assay

The full-length COGT cading region was doned o a pGEXT-3 vecinr
{GEL The resulting constructs were sequenced to confirm the comect open
reading frame and sequences and then wammirmed into fhe Eadeeridhia oli
Rosetia strain for recombinant profein expression. Bacheria were grown in
100 ml. of Luriz-Bertani medium emented with 100 g mlL™ ampicillin
and X g mL chl ion], and the GST-00G] mecnmis namt pumu:
were purified with GST-Sefinose Resin (Sangon Biotech). PTF4 and PIFS were
synthesized using the TNT 5P6 High-Yield Wheat Germ Protein Expression
System (Promega). The probes were synthesized and labeled with bintin using.
the Biotin 3' End TNA Tabding Kit (Thermo Fisher Scientific) Unlabeled
competinr probes were generaied from dimermed oligonucleotides. FMEA

T T WeTe med wing e Chemil uminesoent Mucksic Acid De-
tection Module (Thermo Fisher Sdentific) according to the mamufacturer’s ine
structions. Probe sequences are shown in Supplementa] Table 52

Accession Numbers

data from this artide @n be found in the Arabidopsis Genome
Initiative or GenTank /EMBL databases under e following acomsion num-
bers: COGT (Atlg?9160), PIFd (At2gd3010), PIF5S (At3g590&0), DET?
(ApREA0) CPD (ASpI56R0), DWF4 (AtigS0eal), BREm] (ASg389T),
ERE @2 (At3g30180), ROTS (Arg3a380), and CYPADT (A thy 13730

Supplemental Data
The following supplemental materials ane avadable.
Supplemental Figure $1. Thecopl-& mutant was identified 25 anintragenic
suppressar of argl-D1

Supplemental Figure 52 Fhemotypes of 35500G1SRDN transgenic
plans.

Supplemental Figure S3. hduced expression of COG1-5RDY leds i ne-
duced cell lengéh.

Supplemental Figure 54 BR sgnal transduction is elevaied in the mgl-30
mmatant.

Supplemental Figure $5. BRZ irhibits e hypocotyl growth of mgl-30
seadlings

Supplemental Agure S6 E'rpuﬂhnnf DET2, CYP2M, and ER&ax] m
cogl-30.

Supplemental Figure §7. Exprassion of BR capbolism genes in gl 300

Supplemental Figure S& The bril -4 mutation completdy inhibits the long-
hypocotyl phenotype of angl-30.

Supplemental Figure §3. FTF4 and FIFS promote cell elongation.

Supplemental Fgure $10. Protein kevels of FIFS in ag1-30 and 355:
FLAG-COG]T seedlings.

Supplemental Figure $11. COGI-mediaied hypocoty] elonga tion is depen-
dent on FIF4 and FIF5.

Supplemental Figure $12. FIF4 regulstes the expression of CPDL
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Supplementl Table 51. The expression of 57 tramsaiption faciors is sg-
nificantly altered in cogl-30 compared with W52

Supplemental Table S2. List of primers and probes used in this study.
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Abstract

The contents of endogencous brassinosteroids (BRs) together with varous aspects of plant
morphology, water management, photosynthesis and protection against cell damage were
assessed in two maize genoctypes that differed in their drought sensitivity. The presence of
2B-norbrassinolide in rather high quantities {1-2 pg mg™' fresh mass) in the leaves of mono-
cot plants is reported for the first time. The intraspecific varniability in the presence/content
of the individual BRsin drought-stressed plants is also described for the first time. The
drought-resistant genotype was characterised by a significantly higher content of total
endogenous BRs (particularly typhastercl and 28-norbrassinolide) compared with the
drought-sensitive genotype. On the other hand, the drought-sensitive genotype showed
higher levels of 28-norcastasterone. Both genotypes also differed in the drought-induced
reduction/elevation of the levels of 28-norbrassinclide, 28-norcastasterone, 28-homocas-
tastercne and 28-homodelichosterone. The differences observed between both genotypes
in the endogenous BR content are probably comelated with their different degrees of drought
sensitivity, which was demonstrated at varous levels of plant morphology, physiclogy and
bicchemistry.

Introduction

The economic losses in crop production due to drought are quoite substantial and will un-
doubtedly further increase with the expected climate changes. To prepare for these changes,
various new agricultural technologies are tried and utilised [1, 2]. Some attention hasbeen
paid to the application of diverse chemical compounds such as palyethylene glycol (PEG),
amino acids, antioxidants, phytohormones, minerals, volatile organic compounds, eic. [3]. A
group of steroidal phytohormones called brassinosteroids (BRs) has been included among
these compounds. Indeed, BRs seem to be destined for agricultural practice due to the fact
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they are non-toxic, non-mutagenic and environmentally friendly, as well as thar effectivity at
low concentrations, ease of application and the possibility of artificially synthesising them on a
commercial sale [4-6].

Studies on the impact of BRs on drought-stressed plants began almost 25 years ago [7], and
since that ime, more than 90 papers on this topic have appeared in various scientific journals
or books, BRs are generally regarded as positive regulators of the plant drought response, and
the elevation of their contents in plants by exogenous application is often accompanied by an
improvement in drought resistance. The studies presenting some data on the response of BR-
treated plants or mutants in BR biosy nthesis fperception to drought greatly vary regarding the
overall design of experiments, plant cultivation conditions, examined species, developmental
stage of plants, efc. However, these studies usually have one attribute in common: their authors
analysed only one genotypefcultivar ofthe respective plant species. Although some papers deal
with more than one genotype, the drought sensi tivity/resistance of these genotypes is often
unspedfied. This fact significantly limits our understanding of the relationship between BRs
and drought resistance and could limit the potential practical application of these compounds.

The data on the role of BRs in plant drought response that are currently available from the
few studies that have been performed with genotypes of known drought sensitivity are not very
conclusive. Logically, any comparison of the im pact of exogenously applied BRs on drought-
resistant/sensitive genotypes should reveal the BR-induced changes particularly in the sensitive
genotypes, because the resistant genoty pes should experience less intensive drought effects. This
should be similar to the situation observed for the BRs exogenously applied to plants exposed to
severe or mild/moderate drought, BRs always have a greater effect on more strongly stressed
plants [8-11]. Such response of drought-sensitive and drought-resistant genotypes to BRs has
indeed been observed by [12] and [13] in sorghum exposed to PEG. However, a more-or-less
similar response of drought-sensitive and drought-resistant genotypes was demon strated in
wheat stressed by the cessation of watering or subjected to PEG or mannitol treatment [14-16],
as wdl as in tomato [17]. There are also some cases where the drought-tolerant genotype
showed a more pronounced response to BRs than the drought -sensitive one, this been reported
for PEG-stressed maize [18-20] or rice [21]. Thus, the situation is not so simple and probahbly
depends on plant species as well as ona mechanism that is responsible for drought resistan ce/
sensitivity of the respective genoty pe. In addition, most of the authors of the abovementioned
studies simulated drought by the application of PEG. This certainly causes osmolic stress, but
the apphcation of PEG induces a specific stress level very rapidly and very strongly, thus evading
the natural course of drought response with its gradual changes, Therefore, the results obtained
from such studies might not mimic droaght situations ccourring in nature.

Moreover, although diverse aspects of plant biology have been examined during research
on the role of BRs inplant drought res ponse, most scientists have focused only on the possible
alleviation of stress symptoms by exogenously applied BRs. Almost no one has pursued the
possibility that drought per se could induce changes in the content of E'Hdclgeﬂﬂu: BRs Indeed,
such analysis has rarely been performed for any type of stress and only three studies give some
information on this topic. Jiger ef al. [22] assessed the content of one bioactive BR (castaste-
rone, C5) in the drought-stressed pea. They found that the exposure of ther experimental
plants to adverse environment increased the content of this BR, but only non-significantly.
Gruszhka ef al. [23], who examined barley plants subjected to water deficiency, reported that
drought induced the levels of endogenous C5 and 24-gpibrassinolide (epiBL) but did not
change the amounts of brassinolide (BL), 24-gpicastasterone (epiCS) or 28-homocastasterone
(homoCS). Finally, Pociecha f al. [24] assessed the CS content in two cultivars of cold-acch-
mated winter rye. The winter-resistant cultivar showed the same elevation of CS (approx-
mately 2-fold) after 3 or 6 wedks of cultivation in cold, while the less winter-resistant cultivar
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was characterised by a 2-fold increase after 3 weeks and an additional increase after 6 wedks of
cold acclimation.

‘We thus decided to compare the contents of various endogenous BRs in drought -resistant
and drought-sensitive maize genotypes to examine their changes under drought stress. To our
knowledge, such analysishas not been previously performed. Additionally, to determine the
possible relationship between these changes and various processes that oocur during plant
drought response, we also examined several aspects of plant morphology and physiology.
Because BRs are generally considered to play a positive role in plant stress resistance, we
hypothesised that the resistant genotype could be characterised by higher levels of endogenons
ERs than the sensitive genotype already under non-stress conditions. However, because the
resistant genoty pe would not experience stress to such a degree as the other genotype, we also
expected that the resistant genotype would not need to further elevate the BR contents when
subjected to drought,

Material and methods
Plant material, experimental design and BR treatment

Two maize (Zea mays L.) inbred lines, drought-sensitive 2023 and drought-resistant CE704,
were used for our experiments. The degree and mechanisms of tha r drought-sensitivity are
described in [25, 26]. Kernels of both genotypes were obtained from the CEZEA Maize Breed-
ing Station (Czech Republic) and were sown in pots (diameter 12 cm, height 12 cm, one plant
per pot) filled with a mixture (15:1, viv) of Garden Compost {Agro C8, Czech Republic) and
Hawita Baltisches Uni 20 Tonsubstrat 1 (Hawifa, Germany). The pots were placed in a natu-
rally lit greenhouse located on the Faculty of Saence campus at Charles University, Prague,
Czech Republic (547 (4™, 14°25'E) under semi-controlled conditions (mean air temperature
24/16°C, mean relative air homidity 71/86% day/might, natural irradiance). All plants were sof-
fid ently watered until 30 days after the date of sowing. At this time, all the plants had three
fully developed leaves and the fourth leaf was visible from at least one half of its final length.
They were then divided into four groups (experimental variants) according to genotype (3023
or CE704) and watering treatment (control, Le., the 20% soil water content, or drought stress,
i.e., the cessation of watering for 14 days resulting in the 3% soil water content at the end of the
drought period). Each group consisted of 60 plants organised in a randomised plot design,
This enabled us to use different plants for the determination of various parameters (L£., we
had separate groups of plants allocated for the assessments of i) the contents of BRs, ii) plant
maorphology, iii) gas exchange and the osmotic potential, iv ) chlorophyll fluorescence and the
contents of chlorophylls and carotenoids, and v) index of cd]l membrane injury (CMI), the
contents of malondialdehyde (MDA), H: O., proline, and the activities of ascorbate peroxidase
(AFX) and catalase (CAT). The fourth leaf (counting from the base) was utilised for all the
measurements and samplings. The evaluation of plant morphology, gas exchange analysis,
chlorophyll fluorescence measurements and determination of the photosy nthetic pigment
content and CMI were conducted immediately after the end of the experiments. For other
parameters, the respective leaves were sampled at that time and kept at -80°C (in case of the
leaf osmotic potential in -18°C) until their analyses. The exact number of biological replicates
(3 to 12) for the individual parameters is always indicated in the legends to the respective fig-
wres ftables,

Content of brassinosteroids

Samples were analysed for the BR contents according to the method described in [27]. Briefly,
50 mg of fresh maize tissue samples were homogenised to a fine nsistency using 3-mm
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zirconium oxide beads and an MM 301 vibration mill at a frequency of 30 Hz for 3 min { Retsch
GmbH & Co, KG, Haan, Germany). The samples were then extracted overnight with shrring at
4"C using a benchtop laboratory rotator Stuart SB3 (Bibby Scientific Lid., Staffordshire, UK)
after adding 1 mL ice-cold 60% acetonitrile and 10 pmol of [*H;|BL, [*H,]CS, [3H5]2-¥-E_prL.
[*H.]24-epiCS, [*Hs|28-norBL, [*Ha]28-n0rCS and [*H, Jtyphasterol as internal standards
(OlChemIm Lid., Olomouc, Ceechia). The samples were further centrifuged, purified on poly-
amide SPE columns (Supela, Bellefonte, PA, USA) and then analysed by UHPLC-MS/MS
(Micromass, Manchester, UK). The data were analysed using Masslynx 4.1 software (Waters,
Milford, MA, USA) and the BR contents were finally quan tified by the standard isotope-dilu-
tion method [28]. Our study focused on the content of fifteen BRs: teasterone (TE), 28-nor-
teasterone (norTE), typhasterol (TY), C8, gpiC8, homoCS, 28-norcastasterone (norCS), BL,
epiBL, 28-homobrassinolide (homoBL), 28-norbrassinolide (norBL), dolicholide (DL), 28-
homodolicholide (homoDL), dolichosterone (DS) and 28-homodolichosterone (homoDS).
Each experimental variant was represented by three biological replicates, where the level of
each of these replicates was calculated as an arithmetic mean of two independent technical rep-
licates. Ome biological replicate represents an individual leaf sampled at the end of the drought
period and kept at -80°C until UHPLC-MS/MS analysis.

The assessment of plant morphology and the measurements of the leal
osmotic potential

The height of plants was measured from the base of the shoot to the tip of the youngest leaf vis-
ible at the top whorl of leaves. The number of visible leaves was also counted. The area of indi-
vidual leaves was calculated from their lengths and widths using a previously determined
cocffidents [26]. The total area of the photosynthetically active leaves was calculated as the
sum of the area ofall the leaves that were at least 50% green. Dry masses of individual leaves
and the rest of shoot (their sum constitutes the total dry mass of shoot) and the total dry mass
of roots were assessed after drying the respective parts of the plants for seven days at 80°C and
weighing on analytical balances. The specific mass of the 4™ leaf was determined from ten leaf
discs (diameter 6 mm ) cut from the middle portion of the leaf blade, oven-dried at 80°C for
two days and weighed on analytical balances with 0.1 mg predsion,

For the measurements of the leaf osmotic potential, the samples of plant leaves were kept
gently compressed in syringes sealed with Parafilm M till the time of measurements when the
samples were thawed at 2°C. Approximatdy 0.05 mL of leaf sap was pressed out from each
sample and put into the chamber of the potentiometer WP4C ( Decagon Devices, Pullman, WA,
the US AL) to measure this parameter.

Gas exchange measurements, chlorophyll fluorescence analysis and
determination of the content of photosynthetic pigments

The net photosynthetic rate, transpiration rate and stomatal conductance were determined in
sifu using an LCi Portable Photosynthesis System (ADC BioScientific, Hoddesdon, the United
Kingdom) with the following conditions in the measurement chamber: air temperature at
25°C, ambient CO; concentration at 550250 pL L7, air flow rate at 205430 ol 5! andirra-
diance at 300 pmol m 57 [25].

The polyphasic rise of the chlorophyll fluorescence transient (OJIF) was measured at the
upper surface of the dark-adapted (20 min) leaves in sifu with the portable fluorometer Fluor-
Pen FP100max (Photon System Instruments, Broo, Czech Republic) as described in [26]. The
parameters of the JIP test (see 51 Table) were calculated according to the theory of energy flow
in the photosynthetic electron-transport chain [29, 30]. The relative variable fluorescences
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Worn Wor, Wok and Wie (e, normalizations of the whole fluorscenee transients) and the
difference kinetics AWy and AWo ik (as the differences between the drought-stressed and con-
trol plants) were also calculated according to [31] and thar graphical representation was uti-
lised to obtain further information on the primary photosynthetic processes,

The chlorophyll @ and b contents and total carotenoids were determined specrophotomet-
rigally [32] in the N.N-dimethylformamide extracts prepared as described in [33].

The determination of various indicators of cell damage and protective
mechanisms

Except for the CMI determination, all parameters were evaluated spectrophotometrically
using Anthelie Advanced 2 (Secomam, Alés, France) or Evolufion 201 (Thermo Fisher Scientific,
‘Waltham, MA, the U5 A). The CMI was determined from the measurements of electrical
conductivity of the samples consisting from 15 leaf discs with the GRYF 158 conductometer
{Gryf HB, Havlickity Brod, Czech Republic). The CMI was calculated as (100%C,/C,), where
Cyisthe electrical conductivity of a sample after 24 h incubation and Cs is the conductivity of
the same sample after its denaturation. The method described in [34] was utilised for the deter-
mination of the content of MDA, resp. thiobarbituric acid reactive substances. This procedure
serves as a method for the determination of a degree of membrane lipid peroxidation. The
content of Hy(); was determined using the potassiom iodide method described in [35]. The
activities of APX and CAT in the leaves were assessed according to [36] and [37], for further
details, see [26]. The protein content was determined by the Bradford method [38] using
bovine serum albumin as a standard. The proline content was determined using the acid-nin-
hydrin method according to [39].

Statistical analysis

The original data that constituted the basis for the statistical analysis are available in the 51
File. The datasets containing parameters that had to be measured on the same plants (see
above) were subjected first to two-way analyses of variance (genotype, treatment (control/
stress) and the interaction between these two factors were included as the sources of possible
variability). To correct for false discovery rates (FDR), the Benjamini and Hochberg [40] cor-
rection was applied within the respective datasets with FDR set as 0.05. Tukey's HSD tests
were then performed for cach parameter separately. Additionally, to determine the relevant
differences between the control and drought-stressed variants of the respective genotype, or
the differences between both examined genotypesin plants dther stressed or non-stressed by
drought, one-way analyses of variance followed by Tukey's HSD tests were also performed.
The statistical evaluation was conducted with CoStat (Version 6.204) statistical software
{CoHort Sofiware, Moterey, CA, the US.A).

Results

The contents and com position of BRs distinctly differed between both genotypes and in some
cases also depended on water supply. CE7(4 displayed significantly higher levels of total BRs
in itsleaves compared to 2023 (Table in 52 File, Fig 1A). The most abundant BR detected in
CE7(4 was TY followed by norBL. On the other hand, 2023 contained only small amounts of
these two BRs per leaf fresh mass (FM) and the differences between both genotypes were statis-
tically significant (Table in 52 File, Fig 156 and 1F), The CE7(4 stressed plants showed a signifi-
cantly lower homoCS content in their leaves compared to 2023 (Table in 52 File, Fig 1G). The
homoCS and homoDS contents were reduced by drought, particularly in 2023 (in case of the
homaoDS content non-significantly; Table in 52 File, Fig 1G and 1H). On the other hand, 2023
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Fig 1. Contents of total and individual brassinosteroids (BRs) in two maise genotypes (023 and CEM), Plnts
were either subjectal to normal watering {contmk grey colurms) ar & 14 days of withhol ding water | stress; Hack
cohemms ). Mean values + SEM are shown (n = 31 Asterisks indicatesign ificant (p<0.05% *) or highly significant
(p=001; **) differen c=s hetween mean values according to Tukey's tests made separately for each genotype (in case of
the differenaes between control and stres treatment) or for each reatment (in case of the differences between bath
genotypes) BL . .. brssinolide, (35 . . castasterone, DF . dolichosterone, FM . . leaf fresh mass, TY . . . typhasteml

hittpsctidof oog 10 137 Vipurmal pooe 1 57870 G001

showed a distinct increase in the norCS content after drought, contrary to CE704, CE7(4 was
generally characterised by alower content of this BR (Tablein 52 File, Fig 1E}. Regarding two
other BRs that were detected, 1€, CS and BL, no significant differences were observed between
genotypes or between watering treatments (Table in 52 File, Fig 1C and 1D). All other analysed
BERs (TE, norTE, epiBL, homoBL, epiCS, DL, homoDL, DS} were below alimit of a detection
method.

CE7(4 showed significantly higher values of plant height compared to 2023 but only under
stress conditions (Fig 24). This genotype also had higher number of visible leaves compared to
2023 (Table in 52 File, Fig 2E). While the older leaves of 2023 plants subjected to drought dis-
played strong symptoms of senescence (the first two leaves were completely dry or yellow, the
third leaf also started to senesce), this did not apply to CE704, which developed almost normally
{only slightly slowing down) even under stress conditions (51 File, 51 Fig). Drought signifi-
cantly reduced the total leaf area as well as the shoot dry mass in 2023 but not in CE704, result-
ing in genotypic differences under stress conditions (Table in 52 File, Fig 2B and 2C). The
stressed plants of CE704 also had a greater root biomass compared to 2023, however, this did
not apply to the control plants (Table in 52 File, Fig 2D). The SLM of the 4™ leaf did not signifi-
cantly differ between both genotypes or between watering treatments (Table in 52 File Fig 2F).

The leaf osmotic potential values were lower in the drought-stressed plants of both geno-
types compared to their respective controls (Table in 52 File, Fig 34). However, the differences
between the genotypes were statistically significant only for the control plants, not for the
stressed ones (Fig 3A). The transpiration rate was reduced after 14 days without watering, This
was less pronounced in CE704 than in 2023 (Eig 3B). Both the net photosynthetic rate and sto-
matal conductance were also negatively affected by droaght and the changes in the values of
these parameters were again more evident in 2023 than in CE704 (Table in 52 File, Fig 3C and
A[0). This was reflected in the presence of significant differences between both genotypes in
the stomatal conductance, which were found under stress conditions (Eig 300,

The drought-stressed plants of CE704 contained more chlorophyll and carotenoids inits
leaves compared to 2023 (Table in 52 File, Fig 3E and 3F). This was caused by the fact that the
content of these chlorophylls actually increased in CE7(4 after 14 days without watering, con-
trary to 2023,

Drought also reduced the efficiency of the primary photosynthetic processes. There were
apparent differences between the control and drought-stressed plants, particularly for the
parameters describing dectron transport within the photosy stem (P5) I reaction centre, such
a5 Prg, Peg and Yeg as well as the performance index Pl g, and these differences were more
pronounced in the 2023 penotype (51 _File). However, no true statistically significant differ-
ences were found between the genotypes for the numerical parameters of the JIP test (Table in
52 File). The dissipation of excess excitation energy significantly increased with drought stress
(parameters Pggand DIJRC). The oxygen-evolving complex of PSITdid not seem to be nega-
tively affected in the drought-stressed plants of either genotype, as seen from the location of
the K-band around zero on the graph of the AW, difference kinetics (Eig 44). The excitonic
connectivity between the individoal PSIL units (inferred from the L-band positions above zero
on the graph of the AW, difference kinetics) was slightly negatively affected by drought, but
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Fig 2. Selected pammeters of plant morphology in twomaize genoty pes (2023 and CENM). Plants were sither
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values +5EM are shown (n = 8L Asterisks indicate significant (< 005 ig nificant (p=0.01:"" ) differences
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1 case af thediBerences between both genatypesi.

hoth genotypes did not differ in this respect (E

i). Regarding the dectron transport beyond
PSII, our experimental plants were not affected much by drought (51 File, Table in 52

File

parameters Sy gy, Prear and Pegg ). However, based on the greater observed difference in the
positions of the respective Wy, curves, 2023 showed a slightly more pronounced decline in the
reduction rate of dectron acceptors at the end of the electron-transport chain due to drought
than CE704 (Fig 4C). The size of the pool of these acceptors was similar in all the experimental
variants (based on the fact that the positions of the W carves did not differ much; Fig 40),
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CMIhad higher values in the stressed plants than in the control ones. This increase was not
as prominent in CE7(4 as in 2023 (Fig 5A). The 2023 genotype generally also showed slightly
higher peroxidation of membrane bipids based on the MDA content compared to CE704,
although lipid perooad ation seemingly increased more in CE704 than in 2023 after the expo-
sure of plants to drought (Fig 5B). CE704 was also characterised by a greater proline content in
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its leaves compared to 2023 and drought induced a further elevation of this osmoprotectant
content in CE704 (Fig 5D). While the APX activity in the leaves of 2023 increased after 14 days
without watering, the reverse was true for CE704 and a similar trend was observed for the
CAT activity (Fig S5E and 5F). However, almost none of the described differences in the param-
eters charadtensing cdl damage were actually statistically significant due to high vanability in
the samples (51 File, Table in 52 File). No differences between genotypes or between control
and stressed plants were found for the H; O, content (Fig 5C).

Discussion

Endogenous BRs are important regulators of various processes that occur in plants, Several
studies have revealed that the contents of endogenous phytosterdls (including campesterol and
cholesterol which are the main precursors of BR biosynthesis) in plant leaves can significantly
differ between genotypes [41, 42]. However, whether these differences also affect the levels of
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end ogenous BRs has not been previously examined. To date, only Pociecha ef al, reported the
existence of genotypic differences in the response of C5 levels in the leaves of two winter rye
cultivars to cold acchimation [24].

The determination of various endogenous BRs in the leaves of our two maize genotypes
with different drought sensitivities provided several interesting results. We found that the pres-
ence/content of the individual natural BRs in the leaves may depend on the genotype. The

371 joumal pone. 0157

70 May2d, 2018 1/22

186



ARTICLES

T PLOS |one

Genotypic differences in endogenous brassinostercid contents in drought-stressed maize

most abundant BR present in the leaves of our plants was TY (~2-3 pg mg'] FM), followed by
norBL [~1-2 pg mg” FM) and homoCS5 (~1 pg myg ' FM). The drought-resistant CE704 geno-
type had particularly higher levels of both TY and norBL compared with the drought-sensitive
genotype 2023, The presence of TY was reported previously for maize pollen [43] and the
ohserved levels of TY in the leaves of our plants are mostly in agreement with those reported
for the leaves or shoots of several other plant species [44]. However, the norBL content in the
CE704 leaves reached 1-2 pg mg ™' FM, which might seem to be a rather high levd for any BR
detected in vegetative tissue, such as leaves [44], since thes e tissues generally contain signifi-
cantly lower amounts of phytohormones compared with the reproductive tissnes, such as
pollen or seeds [45]. Indeed, the norBL level in our drought-resistant CE704 genotype is
approximatdy 15 times higher compared to the nor BL level reported for maize leaves by
Oklestkova ef al [46]. This seems to be an interesting featare of this particular maize genotype.
We are not aware of any previous study that reported the presence of this type of BR in such
high quantity in this plant species or even its presence in any other monocot plant.

In addition to TY, norBL and homoCS, we also detected other endogenous BRs substances
in smaller quantities, namely, homoDS, norCS, CS and BL. Although the biosynthetic path-
ways and mutual conversions of the Cas, Cas and Caq BRs are not entirely clear at the present
time, there is some evidence that the Cy; BRs are formed from Cy; sterol cholesterol while the
Czy plant steroidal biosynthetic precursor for the production of Cyq BRS is sitosterol [47]. In
the Cas BRs group, TY isa precursor of CS which is converted into the biosynthetic end prod-
uct BL. These reactions are probably unidirectional [48]. The conversion of CS to BL is cata-
lysed by a cytochrome P-450 monooxygenase encoded by the CYPESA3 fBRﬁGIIE)Eene in
the dicot plants Arabidopsis and tomato [49, 50]. BL plays animportant role in the develop-
ment of reproductive organs in these species, whereas CS probably serves asa regulator of
plant vegetative growth [51]. Although BL has already been reported in rice shoots [52], other
authors showed that the step of BR biosynthesis involving the conversion of CS to BL does not
seem to exist in rice [53, 54]. The same situation seems to apply for other monocot grasses [55,
56]. However, BL was positively detected in leaves of graminaceous plants such as barley and
wheat [57-59]. Therefore, the presence of BLand norBL in the leaves of our maise plants is
perhaps not as exceptional if we also consider the lower detection limits of the method we nsed
for their determination, compared with those used earlier by other authors. Clearly, monocot
plants have cither some means to perform the Baeyer-Villiger oxidation of CS to yield BL, or
they can produce BL (and convert itto its various metabolites) by completely different reac-
tion(s), although no details of this have been reveaed.

Details of BR biosynthetic pathways were identified mostly in Arabidopsis and Cathar-
anthus roseus [60]. Similar sitnation applies for BR signaling; an overwhelming majority of our
knowledge of this topic comes from the model plant Arabidopsis [61 ). Information on mono-
cot plants is rather limited; although many aspects of BR biosy nthesis and signaling seem to be
conserved between dicots and monocots, some differences also exist [62]. Maize has not yet
been much investigated in order to identify genes coding for protans that catalyse ind ividual
steps of BR synthesis or participate in BR signaling pathways. To this date, only six such studies
exist. The first discovery of a BR biosynthetic gene in maize was made by Tao ef al. [63], who
found a functional homolog of the Amb‘i—dﬂpﬂ: DWF1 gene (ZmDWFEI). Its product catalyses
the reduction of 24-methylenecholesterol to campesteral at the beginning of the BR biosyn-
thetic pathway and the gene was shown to be expressed particularly in roots. This agreed well
with the subsequent studies of Kim ef al. [64, 55], who demonstrated that BR biosynthesis in
maize indeed ocaursinroots. However, another study indicated that the ZmDWFI gene is
expressed in all maize tissues (at least at the transcriptional level) with the highest degree of
expression in the leaf collars and lower expression in older tissues [66]. Contrary to [63], the
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authors of this study also found not only one but two paralogs of ZmDWFI gene in the maize
genome,

Another BR biosynthetic gene that was established in maize was ZmIDWFEFS which codes for
C-22 hydroxylase [67]. This rate-limiting eneyme catalyses various hydroxylation events at the
beginning of both early and late C-6 oxadation pathways as well as the early C-22 oxidation
pathway [60]. A higher level of its transcripts was found in shoots of young maize seedlings
than in their roots. The third gene experimentally confirmed to participate in BR biosynthesis
in this plant spedes was the maize homolog of DETZ, expressed particularly in anthers [68]. Its
product is So-steroid reductase, functioning mainlyin the early C-22 oxidation and the late C-
6 oxidation pathways [60]. The final BR biosynthetic gene documented to function in maize
was revealed by [55]: ZmBRDI, an ortholog of the BR6ox] gene. The enzyme produced from
this gene catalyses the final steps of early and late C-6 oxidation pathways, i.e the synthesis of
C5. Again, the highest expression of this gene was recorded in anthers but its transcripts were
at least at some level present inall tissues. Inadditbon to the four lnewn maize BR biosynthetic
genes, the gene coding for the BR receptor ( ZmBRIT) was reported and experimen tally con-
firmed by [69]. Although various additi onal orthologs of Arabidopsis genes known to partici-
pate in BR biosynthesis or signaling are present in the maize genome, their role in these
processes has yet to be verified and it seems that at least some of them actually participate in
other biological processes in this species (Tables in 53 File).

The organ-specific or developmental information on the expression of maize genes known/
predicted to be involved in BR biosynthesis or signaling pathways can be easily found in the
MaizGDB (ht it is based on the transcription data obtained by [70]
and subsequently further updated [71]. Unfortunately, this does not give us any information
on the possible changes of the expression of these genes that could be cansed by unfavourable
environmental conditions such as drought. Indeed, the rdationship between BRs and drought
at the molecular level is rather ill-defined. Recently, one group of scientists showed that some
transcription factors from WRKY and NAC families, which are involved in plant stress
responses, either directly interact with or influence the levels of some downstream compo-
nents of the BR signaling pathway (particularly the transcription factor BES1 }in Ambidﬂpﬂ:
[72-75]. Based on their results, it seems that drought and BR pathways antagoniee each other:
ER signaling inhibits drought-induced gene expression pathways and vice versa. Some authors
who worked with BR mutants, transgenic plants or plants treated with exogenous BRs and sub-
jected to drought conditions, assessed the levds of a few specific transcripts presumed to be
correlated to plant drought response. These studies were made with Arabidopsis [76], rapeseed
[76, 77], cucumber [78], tobacco [79], potato [80], Brachypodium [81] or barley [82]. However,
with the exception of Zhou & al., who found gradual increase in the levels of CPD transcripts
during the first 24 hours of PEG-induced osmotic stress in potato (and subsequent drop to the
original level after additional 24 hours) [80], the expression of BR biosynthetic or signaling
genes in drought-stressed plants had not yet been purposefully analysed. The CFD protein
catalyses some steps of the early C-22 oxdation and the late C-6 oxidation pathways [60].

We examined various differential gene expression studies available for drought-stressed
maize (identified by searching the public databases NCBI GEQ DataSets and GEQ Profiles
(hitps:/ fwww ncbinlm nihgov/gds, httpsy/ fwww nchi nlmnih. gov/geoprofiles/) and the
EMBL-EBI Expression Atlas (httpsy f'www ebiac uk/gxa'home) based on the Array Express
database (https:/fwww.chi.acukfarrayexpress ) and found some cases where the expression of
maize genes known/predicted to be involved in BR biosynth esis and/or signaling (or maize
orthologs of Arabidopsis BR genes) changed after the simulated drought (Table in 53 Filc).
Generally, it seems that drought wsually reduces the expression of BR biosynthetic genes at the
transcriptional level the maize orthologs of Arabidopsis BR biosynthetic genes, which showed

s/ erwrw. maizepdb.org/
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elevated amounts of transcripts in drought-stressed plants, are probably involved more in the
abscisic acid (ABA) or other metabolic pathways then directly in the BR biosynthesis (Tables
in 53 File). However, the chserved changes evidently depend on the analysed organ (e.g. [83-
£5]), its devdopmental stage [B4, 85], the intensity/duration of stress [86-87] or a particular
maize cultivar [86, 88]. The changes in the expression of genes predicted to be involved in BR
signaling are even more varable (Tables in 53 File). Thus, no obvious conclusions on the rela-
tionship between the transcription of these genes and drought can be drawn, particularly as
true participation of the majority of these genes in BR-signaling pathways of maize has yet to
be confirmed.

Moreover, although transcriptomic analyses are rather popular, they can give only a limited
picture of gene expression changes. Drought-induced changes of plant cell transcriptome do
not have to be reflected in the changes of cell proteome (due to many steps and factors influ-
encing gene expression between RNA and protein levels). Indeed, among studies dealing with
drought-induced changes in plant protecme, that also simultaneously analysed the changes of
transcriptome [89-96], all (with the exception of [93]) reported that no true correlation
between these two sets of gene expression data existed. Our previous analyses of d rought -
induced changes of leaf proteome performed in the same two maize genotypes we used in our
present study did not reveal any significant change in the amounts of any proten known or
predicted to be involved in BR biosynthesis or signaling [25, 26]. Nolan ef al. [97], who exam-
ined the regulation of BESI expression in Arabidopsis plants exposed to drought conditions,
found that although no change in BES! transcript levels was observed in stressed plants, the
levels of the BES1 protein were reduced after drought exposare. Thus, the expression of this
component of BR-signaling pathway was regulated at the posttranscriptional level and proba-
bly even at the posttranslational level (the stability of the BESI proteain). Lei ef al [98] per-
formed a ribosome profiling assay together with a RN Aseq-based transcriptome analysis in
maize seedlings grown in normal and drought conditions, Several genes involved in BR bio-
synthesis (e, ZMDWFI and an orthdlog of Arabidopsis DWE7) or signaling (.2, ZmERT1
and orthologs of Arabidopsis BESI, BRH1, BEH3/BEH4) showed reduced translational effi-
ciency but no changes at the level of their mRNAs [98] Clearly, the relationships between the
transcriptional, translational and post-translational levels of expression of BR-associated genes
in plants exposed to drought and their influence on the contents of endogenous BRs and gen-
eral plant response to this stress factor can be very complex and deserve further examination,

Our experiments with drought-stressed maize plants revealed several changes in the con-
tent of endogenous BRs induced by this stress factor, The most conspicuous change was the
significant reduction of the homoCS and norBL levds in the drought-resistant CE704 geno-
type. This differs from the results of Gruszka ef al. [23], who did not observe any particular
drought-induced reduction in the homoCS content in the leaves of their barley plants. On the
other hand, they reported that drought specifically induces epiBL formation. Interestingly, this
drought-specific elevation of the epiBL content did not depend on functional BR biosynthesis
or signalling, because it was observed in BR mutants as well asin wild type plants. They also
found rather high CS content that increased with drought, which also does not agree with our
ohservations, as the levels of CS in the leaves of our plants did not change with water defi-
ciency. The difference between our results regarding the changes in the CS content and its
derivatives and the results of Gruszka ef al. [23] could perhaps arise from the evolutionary
divergence of the BRfiox gene between barley and maize species. Maize has only one homo-
logue ofthe BRéox gene [55], whereas the barley genome contains two homologs of this gene
(HvDWARF and HvBRD), which are probably partly redundant at least in CS biosynthesis
[99]. Whether one of these proteins could still have another function under speafic (droaght)
conditions remains to be seen.
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Another possible explanation for the absence of any significant changes of the C5 content
in our experimental plants could Lie in the mutual conversions of the Car, Cas and Cze BRs, CS
can be converted to norCS and, likewise, norBL @n be produced from EL. Both these nor BRs
belong to the Cay group and thar biosynthesis in Arabidopsis and tomato originates from cho-
lesterol [100-103], However, norCS can also be methylated to yield CS, with DS acting as an
intermediate. Reportedly, this conversion occurs also in monocot plants [47, 65]. Furthermore,
CS can also be produced from Cx BRs such as homoCS or homoDS in rice [47]. Both
homoBRs mentioned were also detected at a certain quantity in our maiee samples; thus, we
dare to say that this pathway operates in maize as another representative of monocot plants.

As the leaves of our drought-sensitive 3023 mbred line showed an elevation of the norCS cn-
tent whereas the homoD$ content was reduced, itis possible that the conversions between these
BRs masked an actual inducement of CS biosynthesis by drought in this genotype. Jiger ef al.
[22], who desaibed an ncrease in the CS content after pea plant exposure to a water deficit, pro-
posed that the induction of C5 levels could be corrdated with a large mhancement of the ABA
content, which ocours under conditions of severe drought stress. This applied for their experiment,
as well as to the abovernentioned experiments of Gruszka ef al. [23], who also cbhserved a substan-
tial increase in the levels of ABA in thar drought-exposed barley. The drought-sensitive 2023
clearly suffered from drought more than CE704, as evident, from the more pronounced reduction
of ts biomass and photosynthetic efficiency, and suggested by some other parameters correlated
to cell damage and antioddative protection. I could be thus experiencing symptoms of more
severe drought stress, contrary to CE704. The different degree of drought sensitivity of both geno-
types could also explam why we did not find similar changes in the norCS and homoDS contents
in the CE704 genotype, because this genotype was much less stressed by water defidency.

Our CE7D4 genotype has one interesting trait: it can keep the stomata opened (at least
to some degree) when watering ceases. We have previously shown [25, 26] that this ability
enables it to maintain a sufficiently high photosynthetic rate during the early stage of drought
response, which results inthe unimpeded production of the energetically rich compounds nec-
essary for proteosynthesis. This early acclimation mechanism, together with some other
aspects of CE74 physiology and biochemistry (regarding, €.g, the higher proline content],
enables it to better counteract the negative consequences of drought stress during the later,
more severe phases [25, 36]. BRs are known to indirectly regulate stomatal function in a con-
centration- and species-dependent manner [104, 105]. While low concentrations of exoge-
nously applied BRs do not affect stomatal movements, higher BR concentrations can operate
in two opposite ways, They either induce stomatal dosure [105, 106] or, conversely, facilitate
the opening of the stomata whose closure was induced by ABA [107] or impaired by BR defi-
ciency [108]. It is thus possible that the observed differences in the endogenous BR levels in
the leaves of our two maize genotypes could perhaps be somehow conneded to the behaviour
of their stomata. A further analysis of this phenomenon is certainly needed.

Conclusions

This is the first study investigating the endogenous BR content in maize genoty pes differing in
their drought sensitivity. We found that TY together with norBL and homoCS$ are the main
representatives of this group of phytohormones in maize leaves. Importantly, thisis also the
first report of presence of a rather high quantity of norBL in a monocot plant. We also revealed
for the first time that drough t-resistant and drou ght-sensitive maize genotypes differ in the
presence/contents of individual, naturally-ocaurring BRs. The observed differences between
both genotypes in the endogenous BR content are probably correlated with their different
degrees of drought sensitivity, which was demonstrated at the levels of plant morphology,
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physiology and biochemistry. We confirmed our original hypothesis that the drought-resistant
genotype displays higher levels of endogenous BRs compared with the sensitive genotype
already under non-stress conditons. Indeed, this could be one of the reasons for its higher
drought resistance, Our second hy pothesis suggested that the resistant genoty pe should not
need to elevate its endogenous BR contents when subjected to water deficiency, because it
would not experience stress to such a degree as the drought-sensitive genotype, which was also
supported by our data.

Supporting information

51 Table, Selected photosynthetic parameters of the JIP test denved from the measure-
ments of the poly phasic rise of chlorophyll @ fluorescence, Fo—the initial fluorescence inten-
sity (at 50 ps), Fy—the fluorescence intensity at the K-step (300 ps), F—the fuorescence
intensity at the J-step (at 2 ms), F—the fluorescence intensity at the I-step (at 30 ms), Fyy ==
Fp—the maximum fluorescence intensity, Area—area between the fluorescence curve and Fy,,
PSl—photosystem I, PSII—photosystem 11, RC— reaction centre.

(DOCXK)

51 File. The original data on the brassinosteroid contents, plant morphology and various
physiological and biochemical charactenstics measured in two maize genotypes (2023 and
CE704). Plants were either subjected to normal watering (control) or to 14 days of withholding
water (stress).

(XLSX)

52 File. Tables with the results of the two-way ANOVA and Tukey’s tests applied to vari-
ous physiological and biochemical parameters measured in two maize genotypes (2023
and CE704). Flants were cither subjected to normal watering (control) orto 14 days of with-
holding water (stress).

(DOCX)

53 File. Tables with the main results and experimental aspects of the transcriptome studies
performed with drought-stressed maize, which showed differential expression of genes
involved in brassinosteroid biosynthesis, catabolism homeostasis or signal ing.

(DOCX)

51 Fig. Phenotypic representation of two maize genotypes, 2023 (A, B) and CE704 (C, D).
Plants were subjected either to normal watering (control; A, C) or to 14 days of withholding

water (stress; B, D).

(TIF)
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Exogenously applied brassinosteroids (BRs] improve plant response to drought.
However, many important aspects of this process, such as the potential
differences caused by different developmental stages of analyzed organs at the
beginning of drought, or by BR application before or during drought, remain still
unexplored. The same applies for the response of different endogenocus BRs
belonging to the C.p Cpg-and Cog- structural groups to drought and/for
exogenous BRs. This study examines the physiclogical response of two
different leaves fyounger and oclder] of maize plants exposed to drought and
treated with 24-apibrassinolide lpiBLL together with the contents of several Cze.
Czg-and Cyy-BRs. Two timepoints of epiBlL application [prior to and during
drought] were utilized to ascertain how this could affect plant drought
response and the contents of endogenous BRs. Marked differences in the
contents of individusl BRs beteween younger and clder maize leawes wene
found: the younger leaves diverted their BR bicsynthesis from Cza-BRs to Ca-
BRs, probably at the wery early biosynthetic steps, as the levels of C.3-BR
precursors were very low in these leaves, whereas C:9-BR levels vere
extremely high. Drought also apparently negatively affected contents of Cg-
BRs [particulary in the ocider leaves] and Cxg-BRs [particulary in the younger
lesves] but not C.-BRs. The response of these two types of leaves to the
combination of drought exposure and the application of exogenous epiBL
differed in some aspects. The older leaves showed accelersted senescence
under such conditions reflected in their reduced chlorophyl content and
diminished efficiency of the primarny photosynthetic processes. In contrast, the
younger leaves of well-watered plants showed at first 3 reduction of proline
levels in response to epiBL treatment, whereas in drought-stressed, epiBl pre-
treated plants they were subsequently chamcterized by elevated amounts of
proline. The contents of Caxg- and Car-BRs in plants trested with exogeanous
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epiBL depended on the length of time between this treatment and the BR
analysis regardless of plant water supply, they were more pronounced in
plants subjected to the later epiBL treatment. The application of apiBL before
or during drought did not result in any diferences of plant response to

this stressor.

brassinost ercids, drought, endogenous content, exogenous application, leaf age, 0JIP

analysis, proline

1 Introduction

Drought is one of the most dgnificant stressor affecting
agricultunl production woddwide; thes, it & crucial to alleviate
its negative effect on plints. Variows approaches to achieve this are
pussible. Aside from atsical breeding and genetic e ngineering, the
treatment of plants with dhemical compounds such as antioxi dants,
phytohormones, polyethylene ghrod, eic, bas also been mportedly
tried One group of these compounds are brassinostenids (BRa}:
steraid phytobormones showing a wide range of functions in the
regulation of plant growth and dewelopment and sgnificanty
participating in plant defense against diverse environmental
atresgon (Ahammed et al |, 2022)

More than 170 studies focused on BRs and drought streis have
been published durng the past three decades. Most of these studies
were periormed with plamts treated with exogenos BRS, although
mstanls in genes sssociated with BR synihesis or sgnaling kave als
been uﬁm{ﬁ:mﬂw&e.t@. Haola, 2001%; Sidhis and Bali, 2023).
However, the results of these studies are so varable that it i stil
impodsible to draw a cear conchsion about the mle of BRs in plant
response to drought. Te demonstrate this, let us randomly chonse
just two parameters strongly assocated with plant drought
response: 1) catalase activity (CAT: an important enzymatic
antioxidant) and §i) the proline content [important
osmoprotectant as well as a non-enzymatic antioxidant).
Chandrasekaran et al. (2017) and Sivakumar e al. (2017)
reported a mduced CAT activity in dmought-steessed BR-treated
temaiky plants compared to non-treated ones Completely opposite
results were published in some previos analyses performed with
the same species (Behnamnin et al. 2009 Yuan et al, 2010,
Similady, in several studies made with vadous drought-strewed
plnt species, reduced levels of proline were dheerved after BR
treatment {Li et al, 201% Gursede etal, 2004; Ahmed et al, 2017;
Hemmati et al, 200 8). Othser studies on this ospic, where pcm]:.ne
was also amalyzed, reported its inereased levels in drought-stresed
BR-treated ph.rlﬁ {tg_. Zhu et al, 214; Shahana et al., 2005
Younesan et al, 2007; Ly et al, 2020).

The above-mentoned varisbiity of the data on the rlationdsip
between BRs and plant drought resporse results from many Fcbors
such as the inter- or intra-species differences, the developmental
stage of analyred plant/organs, duration of the dmought period, the

Frontsers in Plant Scence

method utilized for the drought simulation, the BR type and
concentration, the methed of plant treatment with BRs,
timepoints of BR application, stc. (for more details see Hola,
2019} Unfortunately, studies that would purposely focus on the
effects these possible sounces of variablity can have on plant
responses o BRS are very rare. Thus, we decided to focus on two
following aspects in order to ascertain how they could affect plant
respoinses to BRS: 1) toanmalyze the respomse of two different leaves
(already developed and still developing ones at the beginning of
drought period) of plants exposed to drought and treated with BRs,
and 4] to compare two tmepants of BR application (prior to
drought and during drought).

There i extremely little knowledge on the possible differemt
response of kaves already developed before drought compared to
leaves developing during this abiotic stress to the treatment with
EXgEn s BRs So far, an}g,r Comes et al (2003) examdned some
photosynthetic parameters in three different leaves of papaya
stressed by drought and treated with BRs. They reported that BR
application led to slightly mor pronounced drought-induced
degradation of chlorophyll (ChI) in the older leaves compared to
the younger ones. On he other hand, Wang et al (2015) compared
the stomatal density, widih and length in BR-treated drought-
stressed young and mature kaves of grapevine plants and found
thiat BR treatme nt tgnificantly affected thewe parametersonly in the
young leaves. This seems to indicate that fully developed leaves
could indeed mspond to the combination of drought and BR
treatment in a diferent manner than leaves that are still
developing. However, these differences could depend on both
plant species andior the respective evalusted parameter.

Simiarly, there is very littk mowledge on the potentially
different impact of BR trestment before or during droeght. If we
compare the madts of studies dealing with BR application only
before the stress period with studies where BEs were applied only
during the stress period, we can perhaps discern dighaly different
PR [uTEe ol ph:mtath& rea tme i Fm-e‘ump]e, Behnammia
et al {2009 sprayed tomato plants before the onset of drought and
found mostly increased activities of several antioddant enzymes
including CAT in their drought-stressed BR-treated plants. On the
other hand, Svakumar et al. (2017) treated ph.rlhl of the same
species with BRs during stress and in this case, the CAT activity
decreased. However, due to the high varability of many different
agpects of experimental setups in BR/drought studies, it & very
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complicated to ascertain whether there truly could be some
significant differences between these two main potential
timepoints of BR application. So far, only two groups of authors
applied BRs at these timepoints in the sume study in order to
purposely compare the respective effects. Unfortunately, in both
caies, a diferent type of BR application for each timepoint was wsed.
Hashemd et al. {201 5) mmp:tmdthee&ect of seed pﬂ.ﬂmgh&ﬁr@
drought and leaf spraying dudng the stres period. They found
almost no diference between these two approaches/ timepoints, but
each method required a different BR concentrmtion for the
maximum efect. In an earlier experiment by Farog et al (2009,
no diference between the effect of seed soaking prior to drowght and
leal’ spraying during the drought perod was observed.

I addition to the two above- mentioned aims of our study, we
furtler wanted to examine the effect of drought per s and in
combination with the exogenous application of BRs on their
endogenous levels in leaves (and mots]. Our fscus was again on
the possible differences cawsed by the leal age/development belbre
o during the drought perod. Several studies revealed that plant
exposure to drought can cawse changes in BR levels in pea {Jager
et al , AWE), ::q.rbe:m {Janecrko ot al_, X1 l',l,riﬁe{l)ujj_{ etal, 2004;
J.|:a|:|)_{ et al., 202k f.|n|:|_|_{el. al., 20221}, hﬂq" {['rmr.'ka et al., 2016;
Malaga et al., 2020), tobacoe (Duan et al., 2017), foxtall millet
(Tang et al, 2017), Chinete cabbage, white cabbage and kale
{L'a-ﬂmu'. et al, 2018), matre {'J'El:uwi et al, 2018), Kﬁrl’tudq,"
b]negra:u {L‘]:ﬁu et al, 2019) and tomato {.‘\z et al, 20019).
However, different plant species showed a mther vared response
inthis respect and the majority of theie studies analyzed either only
the contents oftotal BRsor the contents of the two most biclogically
active BRs, e, castasterone (C5) andlor brassinolide ( BL)L No other
member of big BR family was studied. Regarding the effects of the
exogenows BR application on the endogencus BR levels, all studies
dealing with the such topic have been made under non-stres
conditions (with the exception of Efimova et al, 2014, who
studied slinity stres) and focuied again mostly on the total BR
Coirlent {Ma': et al., 2007; Pu et al., 2019 Mie et al, 201%
Setsungnemn et al, 201%; Chen et al, 2021; Zhang et al., 2021; Lin
etal, 2027). Beside C8 and BL, some authors also determined the
contents of some Oy~ and Cp-BRs (Janecdkn and Swacrynova,
200k, [aneceko et al., 2000 Janeczlao et al, 2011; Filek e al., 2009;
Tarkowskd et al, 2020) and maore detaled amalyses inchading some
BER bicaynthetic precursors were performed by Bajgur et al (2019)
amd Clhmr and Hau_{ur. (2021). However, all these studies were
made with plants under non-stress conditins. To our knowledge,
10 data on the posible changes in the contents of variows individual
endogenous BRs or their precursors, induced by the treatment of
plans with exegenously applied BRs under drought conditions, are
available at this time.

Thuss, the purpose of our stuly can be summanzed into several
mmain osjectives. Firstly, we wanted to etamine polential diferences
between the response of younger and dder lkaves b exogenous BR
application, both in doweght conditions and conditions of sufficient
waler supply (we hypotlssized duat the oder leaves, a5 well as the lave
of stressed plants, shoud probably show a more pronouncel response,
becase BEs generally seem to fundion particulady under suboptinal
conditions). The second dvjective was comparison of the eflect of BR
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application bafore or during drought period (oer bypothesis here was
becnsse they were alresdy stressed and BRs could thus immediately
show their anti-stress efiects). The third objedive consivied in the
evaluation of the general efiect that plant restment with 24-gpi8L has
on e portolio/ontans of vanow BRs bdonging to tuee diferent
structural groups, and the potential differances in this respects caused by
the lengih of time betweean exogenos BR appliction and esdogenos
BE daermination (we hypothesizad that the efects of exogenous BRs
will probeably &minidy with time and that plants rested with 24-spBL,
a mepresentative of Cyy-BRs, could probably divert their BR biosytless
ity Cy- 0r Cpp-BE Bosynithetic puthways). Roally, we also wanted to
examine whether the contents of individial BRs differ baween younger
and adlder leaves (and mols) and whether thee contents dange due to
drught treatment (we expectal a positive answer but could not predict
the manere of these dferences and/or changes).

2 Materials and methods

2.1 Plant material and
cultivation conditions

The drought-sensitive maize (Zea mays L) inbred line 2023
[Hzl:leidw'a et al, 2017) from the CEZEA Maize Emedmg Station
(e, Coech Republic) was used for the experiments. Plants were
grown in plstic pots (15 cm diameter, 23 cm height; 1 plant per
pot) Blled with the mix (10:1) of garden soil (Garden Compost, Agro
5, Crech Republic) and snd (Spieland Sabar sand, WECQ
Germany) at the greenhowse facllity of the Faculty of Science,
Charles Univerzity, Prague, the Czech Republic, 50°04° N, 14°25
E, 238 m above the sea level) under semi-contrlled condition
dudng the sping season (April, May). The conditins in the
greenbouse were: the average temperature of 25/20°C, the average
relative air humidity of 6080% day/night, natural iradiance, and
watering of plants with tap water as necessary. Moderate dmought
stress was simulated by the cessation of watering starting at the day
35 after the date of sowing and maintained for two weels.

The firgt messurementsy'sumplings (Timepoint 1) were made
from the 32 d-old plant (st this time all plants kad theee fully
developed leaves). The second measurement/sampling point
[Timepoint 2) was executed after additiomal 3 d when the
drought simulstion started. Timepoint 3 cecurred after 7 d of
drought and the lagt samplings measurements (Timepoint 4) were
atthe end of the drought perdod. All morphological, physidogical,
and biochemical parameters wem assessed during these four
timepeints (with the exception of the determination of
endogenous BR contents, which was done only at Timepoint 4).
The volumetnic soil water content was 24.1% at ijepai.nt 1,22 6%
at Timepoint 2, 225% o the normally -watered plants and 13.8%
for stressed plants at Timepoint 3, and 21 8% for nomally -watered
plants and 9.3% for stressed plants at Timepoint 4

Separate plants were wsed for 1) plint merphdegy asessment
(16 biclogic replicates), o) delermimation of the relative water
content (RWC), photosynthetic pigments contents and Chl
Asorescence measurements (8 biologic replicates); i) the
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membrane damage index (MDD (6 bidogie replicates); o) gas
exchange measurements (6 biologic replicates); v) determination of
the malondialdshyde (MDA) content (89 bislogie replicates); )
determination of the proline content (9 bislogic re plicates); and wi)
determination of the BR contents {34 biolagie replicates). Tn all
cases, the T fie, fully developed at the beginning of drought) or
the 4% (ie, developing during drought) leaves were wsed for the
physiologicalbiochemical amlyses. ln addition, the BR contents
were also determined in the root.

2.2 BR treatments

The 10F* M agueous solution of 24-gpibmsinolide (epiBL;
(228 238, 24K)- 202, 302,22 23 -tetrahyd roxy - 24-methyl - 7-oxa-7-
homao-50-cholestan-6-one; Sigma-Aldrich-Merck) used for
treatments was prepared from the 107 M stock solution
containing distilled water96% ethanol (10:1; ethancl wai wed kxr
the dissdution of gpBL and water was then gradually added with
contimuous stirring Gl the stock solution of fully dissolved epBL
was achieved) and contiined abo 005% of nonioni detergent
Tween® 2. The cormeponding control slution () had the same
composition except epBL. The concentration of giBl. was chosen
based on our previows experiments (unpublished data). One group
of plants was sprayed with the ¢pBL solution at Timepoint 1 (the
BE1 vadants, application prios to drought), another group of plants
was sprayed at Timepoint 3 (the BR2 varants, application during
drought). The respective samplings/messurements at these
timepoints were always done before the ¢pBL trestment. [n al
cases, the whole aboveground part of plants was always spraved (the
amount of sehstion applied per plant was approximately 10 ml).
Thius, at the end of the experiments ([Timepodnt 4), six expermental
variants were available: three onginated from plants that were well-
watered during the whole experdment, and another three were from
plint exposed to drought simulation.

2.3 Plant development and morphology

Plant development was monitored by counting the mumber of
fully developed leaves in all plants of the respective varianis
thmughout the whole experiment. The dry mases of the shoot
{DMS) and mots (DMR) tegether with the plant height (measured
from the surface of the soil in the pois © the youngest fully
develogped leal node) were also assesed.

2.4 RWC and gas exchange

The BWC wass eval usted by a standard method described in Catdd)
(1960). A small piece (apprex. 3-4 cm”) was cut from the respective leal
and immediziely weighed (FW)L Then it was put ini distilled water
and lefi satsrating for 5 hows At ihat moment the smrsted waght
{SW) was obtained and the leaf plee was 16t todry completely at80°C
and again weighed (DW). The RWC was calculsted as (FW-DW Y
(SW-DW).
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The net transpiration rate (E), the stomatal conductance (gs)
and the net photosyathetic rate (Py) were determined by
gasometric measurements using the portable LCpro+ device
[ADC BioScientific, Hoddedon, UK) with the folloving conditicn
in the measuring chamber. the temperature 25°C, the ambient OOy
concentration 550 + 50 pL L7, the airflow rate 205 + 30 pmol 57,
imradiance 650 pmol m* ° of photosynthetically sctive radiation
These measurements were periormed between 900 and 1200 AM,
Central European Time, at the middle part of the respective leaves.

2.5 Photosynthetic pigments contents and
Chl fluorescence (QJIP) analysis

Six small dises (L6 cm”) were cut from the middle part of the
leaf blade and incubated for 7 days in 5 ml of N.N-
dimethylformamide at 4°C in the dadk [the extracts wene stirred
several times during this period). After extraction, e abworbanees
at 480, 64, 647 and 710 nm were measured spectrophotometdcally.
The contents of Chl a, band total camitenoids (Car) were evaluated
Lﬂ.nlgﬂie formulse of Wellburn (1949%).

Chl Bucrescence was messured on the top sde of dark-adapted
{20 min) leaves with the portable Buorameter FleorPen FP100max
(Photim Sytem Indrumenis, Bmo, Crech Republic) between 8:30
and 900 AM, Central Eurgpean Time, The messurements were
started witha sturating pulse (blie light, 455 nm, 300pmel m™ &
"1, After that the Chl flucrescence transient was reconded at a time
scale from 10 ps to 2 ms, representing the so-called OJIP curve.
Fluorescence valises Fy (the initial Bucrescence intensity reconded at
40 ps), By (the fuorescence inkensity at the K-step of the OfIP
curve, 300 ), By (the luomscence intensity at the | -step ofthe OfIP
curve, 2 me), F, (the lueorescence intensity at the -step of the OJIP
curve, 30 ms), and Fu=Fp (the maximum fuorescence intensity)
were used for the caloulations of variows parameters of the JIP test
:Mard.i.r%to Strasser et al | MWW and Stithet and Govindjee (201 1),
These parameters can be wtilized for the deseription of the
performance of various steps of the photosynthetic electron
tramiport chain (PETC; see Supplementary Table 1 for their
diefinitions and formulae).

To ebiain further information on the primary photosynthetic
proceses in vadous piBL-treated/ control or stressed/well -watered
experimental variants, the normalizations of chlorophyll
fuorescence transients leading to caleulstions of relative varishle
Auorescences Woi, Wey and Woy were performed acconding to
Yusul et al. (20001 The positionsamplitedes of the Wy curves
after the [-step can inform about the size of the pool of end electron
acceptons in the PETC after Photosystem (P5) 1 {the lower positions
reflect the lower size of this pod). W oy and Wok serve for farther
caleulations of so-called diference kinetics (AW), which ar always
based on comparisons of some treatment wersus the respective
control In our case they were based either on the comparson of
epiBL-treated (BR1, BR2) and control (C) plants subjecied to the
same watering conditions, o on the comparivon of non-watered
and well- watered plants subjected to the same type of treatment.
The difference kinetics AWy and AWy emalled ws to visualize K-
and L-bands of OfIF curves, mipectively. 11 the mapective K-band
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showed a negative amplitude, the state of the exygen-evolving
complex (OEC) of PSII was more active in the BR1/BR2 vadants
than in C plants (or, alternatively, in fie non-watersd plints thanin
the well-watersd ones), ifitd da pesitive amplitude, the revese
was tree. The positionfamplitude of the L-band which yields
information on the energetic connectivity among individual PSIL
units in the PETC of compared varants, can be interpreted in a
si.rri]a:wuy {'! wsif et al, 20000

2.6 Membrane damage and proline content

The MDI was determined acconding to Sullivan (1972). Twelve
amnall dises (L6 em®) were cut from the middle part of the leaf blade
and incubated in distiled water for 24 b at 4°C. After adjustment to
the room temperature, the elecirical conductances of the samples
were mexsured using the Gryf 158 condwctometer (Grg HB spal.
s, Czech Republic). The sumples were then boled in a water bath
for 15 min, again adjusted to room temperature and the
conductances were measured again The MDI was calculated as
the mtio of the condisctance values before and after boding.

To determine the MDA content, a modified method by Hodges
etal (1999) was wtilized. 0.2 g of leaf tissue were grownd in liguid
nitrogen and then homogenized in 80% ethand and centrifuged at
1400 g and 4°C for 20min The supernatant was sdded separately
1o the thicharbituric acid (TBE) maction mixture | THA+; (L65%
TBA, 20% trichloroacetic acid and 0.01% butylated
hydroxytoluene) and the TBA- reaction mivture (20%
trichloraacetic acid and 0.01% butylated hydroxytoluene). In the
next step, the samples with THA+/- reaction mixiures were
temperated at 95°C for 30 min. After cooling to room
tempe rature, the samples were centrifieged again (14000x g, 4°C,
20 min). The absodance of the supernatant was measured at 440
nm, 532 nm and 600 nm. The MDA content was cakulted
:Muii.r%tal—luj_;_gs et al (1999

The proline content was determined spectrophotometrically
according to Bates et al. (19731 The frozen samples were
homogenized in 3% aqueous sulfosalicylic acd and treated with
ackd-ninhydrn and scetic scid. This resction mixture was bolled in
a water bath lbr 30 min and then cooled on ice. 3 ml of toluene
were added to the cooled samples. After phase stabilization
{approimately 20 min st room temperature), the absorhance of
the toluene plase was measured at 530 nm and the proline content
was calcubsied based on its calibration curve,

2.7 BR contents

Comntents of vaious BRs were determined afier their estraction
and purification using wltra-high performance liquid
chromatography (UHPLC) followed by mass spectrometry ((+)
ESI-M& MS) analyss acconding to Tadoowska et al. (20161

Frozen maize tissse ssmples of 50 mg FW were homegenized to
a fine consistency using 28-mm zirconium oxide beads (Retsch
GmbH e Co K Haan, Germany) and a MM 400 vibration mill
(Rasdh GmbH & Co. Kz, Hagn, Germany) at a frequency of 27 Hz
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for 3 min. The samples were then extracted ovemight with stirrg
at £'C using a benchtop laboratory rotater Stuan SE3 | Bibby
Seentific Led, Stafonishive, UK) after adding 1 mL ice-cold 60%
acetonitile and 3 mixture of stsble botope intermal dandards
(OiChembm Lid, Olomows, Crech Republic) induding [*H,)BL,
[PHalCS [Ha)24-gBL, [Ha24-2piCS, [‘HaJ28-norBL, [Haj28-
norCS, PHJTY, [*H,leampestanol, [*H.Jeampesterol, [*H,J6-
deoxocathasterone, ['Hal6-deoxotyphasterel and [*Hals-
oxocampestanol The samples were further centrfisged, purified
o polyamide SPE cohemus Supeleo, Bellefonte, PA, USA) and then
amlyzed by UHPLC-MS/MS (Micromas, Manchester, UK). The
data wene analyred using Massdyne 4.2 software (Waters, Milfbrd
MA, U5A) and the BE contents were finally quantified by the
wtamdand i_ilta]:l!-dﬂuti:l.rl rethid {l{llLeu]zr_;_{ and Bodter, 19400

2.8 Statistical analysis

The odginal data are shown in Supplementary File 1. Mean
values and standard deviations (30) were calenlied for all
parameters. The data were fint subjected to Welch's ANOVA.
Where appropriste, the pairwise differences between expermental
variants were amlyzed using Welch’s f-tests, for multiple
compafsons, Games-Howell post Foe tests were applied. The data
from the 3™ and £ leaves were statistically analyzed separately
becawse it was not technically possible to determine BR contents (or
some of the evaluated biochemical parameters) in all sample
vartants (37 and 4% leaves, root) together in one run and we did
fol want o introduce artificial diferences to our data that could be
actually cawsed by the different amalytical runs,

3 Results
3.1 Timepoint 1

The data from Timepoint 1 are shown in Supplementary File 1;
theywen dbtained only in onder to characterize basal levels of plant
performance prioe to any spBL treatment o stress induction, Ths,
there is ne point in their presentation here or in the
subsequent discussion

3.2 Timepoint 2 (no drought, early
epiBL treatment)

The BRI treatment significantly reduced levds of proline in the
4% leaves whereas in the 3 leaves this treatment had no effect
{Supplementary Table 7). Sight OFC insctivation and reduction of
the energetic connectivity amarg PSIL complexes {in@rred from the
positions of the AWy or AWox curves above zero), as wdl as
mesderste raduction in the pool siee of end dectron scceptors in the
PETC (inferred From the relative positions of the repective W
curves) in the 3™ laves of the epiBL-treated plants (but not in the 4%
leaves), was suggested by the graphical analysis of Chl fucrescence
curves (Figure 1, Supplementary Figure 1) Aside from this, plants of
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thse BRI and C varints did not sgnifiaoly difer in any ofer
parmmeter at this tmepodnt (Supplementary Table 2).

3.3 Timepoint 3 (drought, eady
epiBL treatment)

O week of drought stress sgnificantly mduced the plant
height in comparson to the well-watered plants, as well as the
DMS of the apiBL-treated plants {Table 1) RWC, E Py and ge
value: also dgnifcantly decrested due b drought (Table 15 for
RWC, this decrease was satistically significant only in the 3 leaves
of plants treated with the control solution, for the g exchange
parameters, it was significant only in the £ leaves of both spiBL-
treated and control plants and in the 3 leaves of the Bl treated
plnt) Similar drosght-induced reduction was olserved for the
contents of plotosynthetic pigments in e 3 leaves this was more
prosounced in the contrml plants compared to the giBL-treated
ones (Table 10 One week of drought led alo to an increase of the
MDI valees in the leaves of the control planis and the proline
content in the laves of both control and spBL-treated plants, but
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ol i any signifieant changes in thse MDA content {Table 1). The
efficiency of the PETC did not seem to be parteulady affected by
drought at this timepoint (Figure 2, Supplementary Figure 2% the
exceptions being mastly the parameters related to the electron
transport after PSI (@ Wik Sy RERC Ploggy ) in
the 4 leaves of the epiBL-treated plants (Table 1),

The early griBL treatment had no statistically significant efect
on the values of most parameters evaluated in plants subjected to
either well-watered or drowght conditions, with the exception of the
DMS which was greater in the well-watered BR1 plants compared to
the respective C variant, Additionally, their 4% leaves were again
characterzed by significantly lower contents of proline. They also
showed higher valuses of the JIP test parameters related 1o the
electron transport after PSIL (Table 1) and had a grester size of the
poel of end electron aceeptors in the PETC (Figure 2% bowever, this
did not apply to e 37 leaves of these plants or to the drought-
strested gpiBL-treated plants (Figure 2, Supplementary Figure 1)
The insctivation of the OEC in the 4% leaves of the epiBL-treated
well-watered plants appeared at this time point aswell, although toa
less extent than in the 3™ leavesat the Timepoint 2. However, in the
drought-stressed plants, the spBL treatment positively afected the

A B
- -
=2 E]
= =
im <
: =
i F
bl LY
=
i :
£ =
e
.
& BR1
om o 0 0 W Wm0 70 W 16 RD e 7 W T B s e
Tima {mesk Tima {ms)
B . 0oa
[+ 1]
5 em ',.-"“\. =
2 Fooy T2
g | , . ]
1] = i
! .
f; ¥ - Joen F
E BB " i
ES . S
" . [
. Jeoa
g L] —r—] %
EL
a8 02 04 BR A8 10 1T f4 1A 1® 26 OM oM amw  DIE BN AM o
Tima {mes} Tima )

e 1

Craphical analyss of the O0IP chiorop iyl fluorestence dada meauned nmaize 5 beaves 2t Thmepant 2 Plants wese well-satered and either
freaied with 2 4-spibeconolds ithe BR vasant) or with water (the C anand). The OJIP cusve (A) The relatve varsbie fluorescence W, (B and e
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Graphical analyss of the OUIP chionop iyl fluorestence data mexuned inmaize 4™ beaves 2t Thmepaint 5. Famts wese ether treated with 24-
spitrassinaisde {the BR1 wanant) or with water fthe Cwarand and subjscied to normal watering inon-stessed pant) or 7 d of withihoiding waier
stessed plank] The OOIF cure (AL e relatve varahie fluonescence Wy (B and #he diference onetics AW (€, E) 2and AW (D F) 20 shoan
AWy and AW wene cdoulzted ether from the compansonof e respective BR1 and C varant subjected to the same watesng negeme (C, D) or
from the comparzon of the respectve non-stresed and shesosd plants cubjecied to e same type of teatment {E, Fl. For ofher infonmation see

iegend to Fgure 1

OEC function (Figure ). No particular effect of the early epBL
trestment on the energetic connectivity between PS5 I units was
Fownd at this timepeint (Figue 23

3.4 Timepoint 4 (drought, early and late
epiBL treatments)

Further drought-induced reduction of the values of all
morphelogical parameters in comparison to the well-watered
plants was observed afier an additional week of drought
simulstion with the mly exception for the DMR of the C variant

Frontiers in Plant S5cience o8

(Figure ). The same applied to the BWC and all gas exchange
parameters; the reduction of the valses of these parameters was
mre pronounced in the 3% lexves than in the 4% leaves (Figures 4,
5. The contents of photesynthetic pigments and the efficiency of
the PETC also significantly decreased due to drought. In this case,
both leaves responded mone-or-less amiarly, althosgh the most
pronounced dianges for ﬁlei"hmmmﬂ]}mﬁ&ﬂdiﬂﬂw
BH2 varants, wheneas for the 4% leaves in the Cvarbnts { Figures 4—
7. Supplementary Table 3). On the other hand, the X e ol
plants to droweght cassed a sgnificant increase in the disipation of
the excess excitation energy in the PETC {Supplementary Talle 3)
and the MDI valees {simdlar in both leaves, Figures 4, 5). The same
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Fams wem subjectad 1o nonma watening (non-stressed piants) or 34 d of withnodding waner (stressed plamts) and weated with 2 4-ephessncide

{he Bl and BR2 wrant) or with waier (the C wrant ether betore
walues + 50 2w shown in = LEL Astersics indicade sgnificant {p

e start of drought perod
*)or highly significant

BRI or durnng e deought pescd (BRZ). Mean

o " differences betwesn miean wilues

aocording to Weldh s 1-tests, resp. Games -Hiowsell ies, made separadely for each ineatment (n case of the differences between non- sisessed and
stmssed plants), msp for eachwatenng regime §n cae of the differences between C BRI and BR2 wariants)

applied to the content of praine the duange of this parameter wat
particulady promounced in the 4 leaves {Figures 4, 5. We found
almost no satistically significant differences in the MDA content
between drought-stressed and well-watered plants, probably due to
the high biologic variability of the samples (Figues 4, 5]

The BR1 grmoup of wellwakerd plants showed sgnificantly
higher DME values in companson to the C group and the
number of fully developed leaves was abio significantly kigher in
both epiBL-treated groups wnder these cultivation condition
(Fgure 31 Regarding the DMS and the plant height, aihough we
could find aslight trend of an piBL -caused increass of the valeesof
these parameten in the well-watered plants, due to the high bioksgic
variability these differences were not stitistically significant. Under
drought conditions, neither BR1 nor BR2 vadants significantdy
differed from their reipective contrl in either morphological
P:l:m.etrh'{l'wun' L

There were almast no statistically significant differences in the
EWC or the gas exchange parameters between our gpiBL-treated
and non-trested plants, althosgh a trend of a slight increase of
values of E, g and Py From the Cio the BR2 group could be seenin
the 3% leaves of the well-watersd plants (Figure 4). Meither there
were any significant diferences between the griBl -trested and non-
treated variants in the contents of photosynthetic pigments. The
exception from this was the Chla content in the 3™ leaves of the
drought-stressed plants, which was significanmtly lower in both BR1
and BR2 variants (Figure 4). The JIP test parameters describing the
efficiency of the PETC abio did not show any effect of the epiBL
treatment either in the well-watered or in the drosght-siresed
phnt (Supplementary Table 3). However, the late epiBL. treatment
showed a pegative effect on the function of the OEC, as well & on
the energetic connec tvity among PSI complexes in the 3% leavesof

Frontiers in Flant Scence ]

oir d.ll:ll.lg}ﬂ‘strmédphﬂb (Figuire 6); wheneas in the A% leaves or
in the well-watered plants these effects were negligible {Figure 7).
The size of the pod of end electron acceptors in the PETC was alo
slightly reduced after both eprBL treatments in the 3™ leaves of the
wellwatered plants, whereas for fhe drought-stressed plants, the
BE1 variant showed a greater size of this pool compared to the Cor
BE2 vanants (Figure 6. The differences between individual varants
in this respect were leas obwvions in the I= lemves (Figure 70
Although the BR1and BRI variants exposed to drought showed
a reduction of the MDA content in their 3 leaves in comparison
with the respective control, tese differences were statistically non-
s'grl.iﬁc‘.:.rltdueto ﬂle}u'ﬂl biﬂhﬁi{: 'l‘-'l.l'ii:li]ﬂ'y l:lrs:lmplb{l'wurr .
Mo sgnificant diferences were bund between our ep/BL-treated
amnd non-treated plants in the MDI (the only exception being the
difference between the BRZ and C variants in e 4% leaves of the
well-waterad P]:rlh'. Figure 5). The pm]'me Oinfitent w:;:dgiﬁc:llﬂ'!.'
higher in the 4% leaves of fhe drought-stressed BRI variant in
comparson with the doought-stressed C vadant {Fguee 51
Drought camed significant increate of the levelk of BR
Biosynthetic precusors CR and CN in the 3 leawes of the
control plants while this increase was insignificant in root tssee
[Figures & 91 Ln the 4% leaves, the lvels of thete compounds were
msch lower and no changes due to plant exposure i drought were
observed {l'lw;r'.' 100 The levels of TY, a direct precursr aof
bicactive C5, were reduced at the end of the drought simulation
perod in leaves of the C and BR2 varants (and insgnificantly abo
in oty Flgures 8100 The levels of C8 also showed a certain
reduction, but statistically significant difference was found only e
the 4™ leaves of the C variant and reots of the BRI varint, meotly
due to the othervise high varability of samples taken from the well-
walered phnb{l'wr.r-.'\. =100 A stmalar stuation was observed for
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the content of a {':-_.._,-aua'k:-j_gu of C8, homoCS, with the exception
that a significant difference from the C variant was found in the 3=
i-10). Mo statistically significant drowght- induced
r.];m];_{& in the norCS (Co-BR) levels were fownd, a]lJ)i)Ltj_{]'_ there
wis a visible trend of the increase of the contents of this compownd
in the dmought-stressed plants of C and BR2 variants compared to

leaves (Fi

the well-watered ones (Figures 8-10). There were alio na

statistically :.'i_;_n:lil'w:l differences in the BL content between the

10

well-watered and IJ:Edmu_;_g]'.L-:.lruml plants either in the I leaves
or i mots {Figares 8, 9. However, d.ml:_;_{]'.l. led toa :.i_;_n:lil'ml:ll
reduction of the comtent of the mest biologically active BR
brasdmolide in the £ laves of plants mot treated with epmBL, L2,
BL (Figure 107 Maize was found to be capable for synthesiring 25
homodolichosterone (homoDS) whose lewels showed ako a
reduction a8 a diredt resalt of dr:)u_;_g]:l in both leaves amd mots,

resp. (Bigures B-100, The presence of epiBL and norBL was detected
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{ . 91 The levels of these BRs did not u_'.:nl]".r_.\mh' aliffer

between well-watered amd stresed plamts

The exogenous eBL trestment 4

30l \pu:ll".:_.u:ll.h.' affect the

levels of emdogenous BRs detected in leaves or roots of owr

experimental plnis |

L The exception frm this were

BL levels in the 47 leaves of the BR2 vartants, wlich u_'.:l:.l]".:.:l:ll]:.'
differed from the C variants re'.'.c_\nﬂ:n of the cultivation comditions

(although with opposite tremds; ). The 47 leaves of the
well-watered BR2 |1|.\|:|I1. had alio |'.|_'4]'.r_'r leve ks of 5orCS (and, mon-
-.|_'.:|:||".:..\J:|I.|:.'. abo of |;c:|:|cnlf5] G impa red to thelr controls

( L A statistically significant incresse in the ep@BL levels
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Graphical analyss of the OUIP chionop iyl fluorestence dats mexuned inmaize 5 beave s at Timepant 4. Famts weee either treated with 24
epirassinaide {the BA1 and BR2 sanants) or with wailer (e C vanant) ether beiose the start of drought period §C, BRL) or dusng the drought period
(BR2), and subjscted to nonmal wabhening inon-stressed planis) or 34 d of withholding waier istressed plants) The OJIF curve (4], the relatve vasshies
fluorescenoe ‘W (B and tie diffesnce Bnetos AW - (G, E) and AW (D, F) 2m shown. Al oo and AWy wene caloulaed sther friom fe
compasson of the mspectre BREJBA2 and C wrant sulbjected 1o the same waiesng regime (€, D) or from the companison of the respective non
stmcosd and stressed pank subjscted 1o the same type of reatment [E, Fl For other information see lsgend to Figune 1

was observed in the 37 lewves of the well-watersd BR2 variant.
Ther was dlio an increase in the sresed BR1 and BR2 vanants.
However, in this case, it was not statistically sigaificant {Figure £).

4 Discussion
BRs are generally considered to play many beneficial rdes in

plnt development, physiclogy and biochemistry, particularly in
plants subjected te variows sub-optimum conditions. Their

Frontiers in Flant Scence

exogenous application was shown to improve plant response o
both abiotic and biotic stress factors, such & high or low
temperature, water deficit or water excess, high o low irmsdiance,
salinity, metrient deficiency or excess, exposure to heavy metls,
herbicides, pesticides, viral or bacterial pathogens, fungi, efc. The
number of stidies dealing with this topic reaches many hundreds
and as such, exceeds the possibdities of this paper to be thomughly
discused. However, although many studies are currently available,
various aspects of BR relationship to plant stress response still
remain very poorly examined or not explored at all Our
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Craphical anatyss of the OUIP crioraptydl fuorescence daty mexured inmae 4™ looves 2t Timepant 4. Pants were either texted with 24
epiorassncide ithe 8R1 and BR2 \arants) or with water (e C viriant) ether before the start of drought periad {C, BRI) or dusng the drought pericd
{B82), and subjected to normal wtering (non-stressed pins) or 34 d of withholdng water (stressed plantsl. The QUIF curve (A), the relatve vasabie
fucrescence W, (B) and he dffemnce knetcs AW, (C E) and AW, (D, F) am shown. AW, and AW, were caculxted ether from the
compasson of the mspective BERI/ER2 and C warpnt subjected 1o the same watesng regeme (€, D) or from the comparison of e respectve non-
stessed and stremed pants subjected 1o the same type of veatment {E, F for other infarmaton see lagend to Fgure 1

experiments presented in this paper tried 10 add 1o our knowledge
on some of these poorly understood topics Thus, in the Bllowing
paragraphs we will focus only on the five main aspects of our study,
as stated in thelist of our abjectives at the end of the Introduction

4.1 Effects of exogenous BR application on
leaves of different age

One of the aims of our study was 1o analyze whether the

section. The reader interested in the generaltopic of BRs in relati
to a particular type of plant stress, is referred to recent reviews and
book chapters, eg., (Abammed et al. 202¢; Abammed et al, 2022),
Ramirez and Poppenberger (20205 Basit et al (2021% Li et al
(2021} Rehman et al. (2022); Sidhu and Ball (2022) and
many others.

Frontiers in Plant Soence

exope pplication of BRs might differently mitigate the
negative impact of drought on plants in two different leaves:
thase that were already fully developed at the beginning of stress
and those that were still developing during stress period. Several
authors (Mostajeran and Rabimi-Eichi, 200% Gigen and Feller,
2014; Budic et al, 2016) found that older leaves are more affected by
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dn:-u_;_{]'.l. than :\H:nl.l.l:l_]lﬂtr.lta\'t\. However, in relation to the BRs role in
|Jhl:l|. d.muj_ﬂ'.L response, this aspect has not been |Jr=v|s:u.11y
examined We exposed 5-weeks old maie plants to gradually
induced moderate dmu_;_g]'_l atresd, which 1.1_;_{|1.|F_f_ml.'|:.- reduced the
values of the ma ety af the observed pammeEs a8 spciated with
|Jh.l:||. u|.<:n|'|:l]:-s:-'|li:;_|_{3.I and |J‘|'.:\"\I‘:l‘k)j_ﬂ'. A trend of ﬂLﬁ.rEaﬂl]j_{ values
after the exogenous Bl application was found in the older, 3=
leaves, especally for the RWC and parmameters d'.arm.l.err.:ll:l)_g
|J1:i:|.ﬂh).n:l]x111. O the other hand, no such trend was observed
fior the younger 4™ leaves e which we even registered a few signsof

BR-induced i mprovement at the end of our expedments (efficiency
of some parts of the PETC and the proline content).

The difference in observed respomses of amalyzed leaves to BRs
application could be comnected to BR-induced acceleration of leaf
senescence. Several authors (eg, Sajlar s, 2007; Barig ar

il o, 200&; Pedir t al, 2017; Kir 19) showed
that BRs promaote leaf senescence (although the exact mechaniam i
stlll wnlnown and |:|u;_¢'|'.l. e |:lr|=:'|:-=:|]:-'|).I an indirect one; [an el

190 This & vamlly sccompanied by an increase in membone

damage, reduced Chl contents and decreased photosynthetic
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eficency. Thus, the older | 3"6] |e:wn:-ri:-|;riiri:-|;_|_{]'.l.-1 tressed plants
treated with epBL could, particularly at Time point 4, alresdy enter
the beginning stage of the senescence (reflected in the more
proaounced reduction of their Chl content and the PETC
efficiency compared to the non-trested stressed plants). Even
before the beginning of he drought simulbtion, the T leaves of
plint trested with griBL already showed a wone efcency of their
PETC than the mon-treated |:l|:u:|.\. O the other kand, the I';' leaves
were younger 50 they have not entered the senescence phase even at

Timepoint 4 amd the BR treatment thus did not afect them

dlso Foumd lower dﬂi:-re:-p]'.:-'u

neg :I.lw|:.'.

content a8 a sign of the beginning of senescence in the older
drought-stressed papaya leaves after BR treatment but not in the
younger ones (this did not apply to the non-stresed plants,
1II:II.I|:I'|:|' o ouer resulis) |.|:Lere»1.||:_|_;|:.'. while the kter 1I.|:53:.' of
these authors made with the same species (oo i al, A8)
confirmed that the development of younger leaves does not 4eem to
be particularly acoelemied by BRs, leaves that were already mature
at the time of BR ap plication showed slightly delayed senescence in

BR-treated plamts in fhis case. However, the mespective plants were
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not subjected to any stressor so perbaps it might be the combination
of stress and the BR treatment that particulady accelerates
leafl senescence.

The expected mitigating effect of HES on ouwr drcu&]:l-nrt\aeﬂl
plints was thus found only in their £ leaves, but it was very mild
and uswally atistically non-dgnificant. The reaton for this could be
that the 4% leaves of our p]aul.\ did mot parﬁcu]aﬂy suffer from
droeght stress { their BWC values were still above 90% even afier 2
weeks of drought simulation ). The overwhelming majority of the
authors that analyzed the HH.I'JH:uHJ:l relationship by mexiring
VArkss P].‘l!ﬁ‘l)ll)&‘l.‘ﬂ] and biochemical leal parmeterns did not state
the water status of leaves of their experimental plants at all and
thise that did usually worked with severly stressed leaves (RWC
misch below 70% o leal water pt:-u:l:llia] below -1.5 MPa) {Hola
2019). It s thus highly probable that there was no oppotunity for
the gpiBL treatment to show it potential a5 a drought-mitiga ting

Frontsers in Plant Soence

agens because the 4% leaves of our experimental plants simply did
not need it

The olierved dul:ﬁe in praine levels in the response to pEBL
treatment was andther il:bertl.ﬁus, p]:-el:u:lwl:u:-l:l fomerad 1:-|:|]5.' in the
4% leaves of our plants. We found fhat the epiBL application prior to
any drought dmubition results in significantly reduced praine
contents in theie leaves, but 1:-|:|:|5.I in non-stressed p]al:lu.
Furthemare, this effect did not persist with time: it was observed
only during Timeponts 2 and 3, while st Timepoint 4 it Fsded away
amd was replaced by a postive efect of Bl pre-trestment on
proline levels in the dn:-us]:.l.-slrﬂa-ml plants Proline in dri:-lls]:.l.-
stressed plants genemlly functions as an csmoprotectant and its
incrested sccumubition ako mesults in plant protection againit
oxidative stress (Ghosd et al, 2022), The majority of authos who
amalyzed the proline content in leaves of drought-siressed plants
trested with exogenows BRs (or plants overproducing BRs dee to
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transgenic modification of some BR bissyntletic gene) reported a
pusitive efect of such treatment on this parameter. However, such
effects were wually ohéerved only in stredsed plants, not in well-
watered (contmol) ones, wisere BR trestment either did mot kave ay
significant effect or even resulted in reduced proline levels (eg.,
Zhang et al, 2008; Anjum et al., 201% Li and Feng, 2011; Talaat
etal, 2005; Almed et al, 2007; Disan et al, 2007 Ehamsuk et &l
2018; Kaya et al, 2019). .‘I.]ﬂ'Wug,}l Fu et al {2119 :epm-tad that
exogenows g BL pre-treatment significantly elevates the expression
of two key proline biosynthetic genes, PSCS and PSCR (s well a
the activities of the respective enzymes and the proline content) in
Elmius rudins plants, this applied only for plants subjected to cdd
stress but not for their non-stressed planis. On the other hand,
Abrabdm et al. [2003) showed that treatment of non-stredsed
Arabilopas plants with exogenous epiBl inhibits the expression
of a PSS gene and thus actuall y leads to reduced proline levels [t s
possible that something similar occurred in our experimental
plnt. Exogenous BR treatment per s certainly does not seem to
specifically induce proline biosynthesis (it can even act
antagonistically) and it & only in combination with drought (or
some other stress factor) that BR application can result in elevated
proline levels and thus better camoprotective and antioxidant
parameters of BR-treated plants.

The meason that the effects of epiBL application took place only
i thse yournger leaves of our plants i currently unkoown, Whether
it could be somebow asochted with the general diferences between
younger and mare mature (or senescing) leaves in proline levels
(which can be different in vardous plant species, eg, Cechin et al |
20008 Mise et al , MW Eperﬂnull arsd Moustaleas, 2015), and whether
it coudd be somehow associkied with differences in the coments of
specific brassinostenvids between these two types of leaves (see
below) remaing to be seen. The detailed examimation of the
expresion of various genes associated with praine metaboism
and/or transport together with a thorowgh analysis of the activities
of the respective proteins in BR-trested, drought-stressed (or non-
stressed) plants at different timepoint after the omset of drought
and/or BE application, and in leaves in different developmental
stage would be certainly wonhwhile and while such analyss was
outside the scope of our experiments presented in this paper, it &
something we would like to focus on b the futere.

4.2 Effects of exogenous BR application
before or during drought

The second apect we examined in our work was the mle of a
time when BRs were applied to our experimental plants. We used
the epiBL application before (BR1 varianis) and durng (BR2
variants) drought simulation but we found almodt no diference
inthe BR effects on plant physiology and morphology between these
two tmepoints The eadier application dightly improved the plant
marphology of eur non-stresed plants (persaps because spBL had
e tme to sct on plant growth and development), whereas the
later application resulted in slightly higher gas exchange
{particularly in their 3™ leaves). However, these differences were
mostly neglighle and certainly did not apply to the drought-
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stressed plants. There i very litle knowledge on the diference
between BR applica tions before drought and during drought. Intwo
stisdies available on this topic, the authors wsed a diferent type of
application and BR concentration for each timepoint, which makes
a subsequent comparison imappropriate (Faroog e al, 200%
Haslemi et al, 2015). However, even in these cases, the authos
did not find any diference between the effect of BR pre-treatment
and post-treatment on their drought-stressed plants. The only
marked difference between our drought-stresed BR1 and BR2
variants was that ther wat a deady evident more negative efect
of epiBL applied during the stress period on the pedormance of the
OEC and the exdionic connectivity among individual PSI
complexes observed in their ¥ leaves but not in the 4 ones.
The primary photosynthetic prcesses are always more affected by
BR treatment in more intensively siressed leaves and the OEC
seems 1o be paticulady sensitive to any change in BR homeostasis
(Hola, 2027). However, all things considered, it certainly does mot
seem that the time of exogencus BR application is a particulary
imporant factor that influeences the response of drought-stressed
plants to these phyichomones.

4.3 Effects of exogenous BR application on
endogenous Cs7, Cag-and Czg- BRs

Our selection of these two separate mepoints for the BR
application also meant that the endogenous BR contents were
determined in fse leaves and moots of our plant st either 17 d (BR1
varkants, 1.2, plants trested at Timepoint 1) or 7d (BR2 variants, trested
at Timepoint 3) afer this application, respectivdy. Although in mast
cases the diferences in the antents of individual BRs andior their
precurors between BRIBR2 vartants and the noo-trested plants were
ot statistally signifant, there was a deady promounced trend of a
higher increase of e amounts of Cop- BRS (homeCS, bomoDS) in the
4% lewves and roots of the non-stresed BRI variant For norCS, which
is a represantative of Cp-BRs, this increase in the 4% leaves was even
statistically significant, whersas the content of BL (a representative of
CopBRS) significantly increased wnder stress aaditions (partadady
alfter the bater BE application) but showed an oppoate trend in our
well- watered plants. These olserved trends sugged that the duanges in
the levels of endogenoues BRs ausel by the exogenous BE application
probably diminigh with time (2g dise tometasbolization — see Schneider
etal., 198; Kabe etal, Iwﬁandﬂutﬁbes}wrta-pa-ndbebmﬂbe
BR trestment and the analysis of endogenms BR contents is better foxr
them & be detectable. This i supportal also by our observation that
the antents of spiBl in fhe T leaves of our plints dgnificantly
increased in the onder of C < BR1 < BR2, folowing the dacressing
length of the perod between epBL spraving and BR content
determination. We think that the detected arBL levels in our BR1
and BRI variants could be residues after the respective gpiBL
treatments, which persisted in a tissue of interest to e last sampling
podit. A similar situstion was deseribed for another monocet (whseat)
phrl’l I'll.' Janecdko and Ewa;.z:.uu-.: (201 0. The alsance uf.uprELmﬂbe
4% leaves could be explained either by the fict that fhesel eaves were yet
rafhver small dering fhe spraying and fus offered less ares for BR entry
(the BR1 variant), or by the postibiity that these leaves could we a
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completely diferent mechanism low to deal with esogenously applied
BRs F{th‘ﬂﬁme.huhﬂuwacla].ﬂg‘ﬁjwﬂutwhﬁw
and mok of ascumber are not musch able to metsholize grBL, peticlea
and leaves do lave this alility. A smilar situstion was observed by the
same research team in intact wheat seedlings. Thus, there might be
some differences in the metbdzation of paricular exopenous
sulwiine in vanows plint patyorgans in this reegect

The effect of the exegencus BR application on the endogenous
BE contents depends not only on when but alio on fuw BEs are
applied, a8 well a3 on plant species and BR concentration. We
utilized folisge spraying as it is the mot frequently employed
method in BR/drought studies. However, the majority of
information availsble on the possible changes in endogenous BR
contents cassed by the exogenous BR application comes Fom
stidies where BRs were either added directly into the growth
medium and plants received them through mots, or by soaking of
seeds in BR solutions (Sepplementary File 7). Only Janecrdoo and
ﬁma;.z:n:u:-vi (21 ':I':l!pu:'!.lsd whseal ph.rlhl.in the V2 ﬂ:#wjﬁ EP:BL
solutions and they did not observe any changes in the C5 or BL
contents in the 3% leaves of their plans 11 d after spraying.
Janecrko et al |1H1]=]sameddj.mc‘lj.njecm afep‘Bthta'rhe
1":nd2"‘1umafhrlq.r. Usirgg this approach, Siey did not found
any significant efiect on endogenous C5 or BL contents in the 7%
leaf afier 20 d. Notably, both C5 and BL belorng to the Cas-BR growp
and pose of these authors amalyzed C - or Cpy-BRs in their plants
at that time. In bater studies, some authors that ap plied BRs directly
into the growth medium or by seed soaking abo observed an
increase in the levels of Co- or Cag-BEs but not Cx-BRs (Filek
et al, 201%; Tarkowda et al, 2000) while others found that such
type of application can elevate the contents of Cx-BEs a5 wel
{depending on the concentration and/or plant species and analyzed
phnt{:ghﬂ{l:lau_{uzel al., 2009 Chmier and Hau.{u.'.. 2021 L It seema
that while the application of BRs into growth medium, particularly
in kydroponic cultures, can evidently affect their conents in leaves/
shoots [either by enalling their direct tramipont throwgh a plant a
sw’tﬁdhflaluﬂu:- arud Sw ACEV VA, IHH.M.:I‘MPWH':{. H"
an indirect effect on the regulation of BR biosynthesis), the direct
treatment of leavesshoots (a5 in owr case) seems to have a more
negligible efect on the endogenous BR levels This is probably dise
e thse Fact that BRs applied in this manner are not transported over
long distances (Symons and Reid, 2004 Symons et al, 20408) and
their effect & only temporary and diminishes with time.

4.4 Effects of analyzed organ and leaf age
on endogenous Cy7, Czg-and Czg-BRs

The biosynthaic prearsoms of Cas-BEs (a5 well as the respective
end produscts in monecot) are Faquently found tobe present in much
higher amounts avmpared i Cy- BRs in various plant species that have
been examined i this date (Supplementary File 2). This i in good
greement with our findings:both e 3% and 4 leaves and mots of
our plants contained mere bomaoCS and TomoDL than BRabelonging
e thse o grop. When the levds of BRs andior their precumsers in
leaves and oot of our experimental plants were compared, we also
found a good agreement bawen our data and the majority of data
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published previcusly by authos wlo simulianecusly analyzed
endogenous BE lewels in shoob/leaves and oot of vardous plant
species (Sepplementary File 2) The contents of C5 and BL are
consisently reportal to be higher in the shoveground vegetative
parts of plants than in reots and our results supporis this
observation a5 well The contents of TY were Bund by some auhos
1o be :]sahigha-hl]mtu ﬁu.rli.rlmcﬁ{llm_;_{elal., 2012, in rice,
Pravlondc et al, 2009, in Chinese cﬂlﬂp. Luet al, 2021 in sunflower),
which also corresponds to our observations and to the results of earlier
mmﬁqhw]u&htf%mmtﬁm{ﬂmmn etal,
200% Shimada of al, AN8E; ﬁyl:l:-l:u arwd Fetd 2004 ). In contrast, there
are some other authons who reported ather similar levels of TY in
shonts and mots or aven TY elevation in roots (Sepplemeantary File 2).
Alogaher it seems that the differences in the TY content betwea
shootsfleaves and roots might depend on plant species or some otser
experimental aspects A smilar dscrepancy of data can be dbserved
also for CH and Ch: while we found comparable amounts of these Ca-
BR precursors in the 3 leaves and ok of our modze dank (much
lower amounts were detected in the 4~ leaves) and Nakamira ef al.
(2006) reporied higher levels of CR and CN in rice shoots #xan in roots,
ﬂheappntesh:ﬂlm \mi:rumib‘!," Shimada et al (AW3) and Eim
el al (2006 for Arabidopeds. Beganding C,- and C,-BRs, our data
weere again in good agreement with the Sndings of Yokow etal (2001)
and Lo d al (2018), who reported lower levelsof the end prodisct of
the respective Bosynithaic pathways (o even the compete sbsence of
these BRs) in roobs of tomato and rice as compared to shoots

The situation with the BE contents in the 3% and the 4% leaf is
mre interesting han the simple comparison of BR guantity in
leaves and mots, Actally, we think that this is probably our moest
interesting fnding presented in this stedy. The aspect of the
companson of a profile of BRs belonging to vanouws structural
groups in younger and more oatere leaves has not been much dealt
with. When searching the available literature, we found only two
stdies discusing the content and portfdio of Cp- 1 Cyp-BRs in
the leaves of different ages Phang et al (20224) reported a dightly
higher content of C5 {a Cy-BR) for older leaves compared with
vounger leaves of their tea {Camelin simensts) plants. This s in
agreement with our own fndings, athough in our case, the
diference between leaves was of a much higher order of
magnitede. On the other band, the amount of noeCS (3 Cp-BR,
which is synthesized mostly from 6-aochol a with chol l
and chaestanol a8 earlier precurons {Hajgus et al, 2000) was lower
in the 4% (younger) leaves of aur plints, whereas Zluang et al.
(2022a) did not report any differences. The second study published
o this topic is that of Parsda et al (2022) using a grapevine | Vi
vinifens) ai 3 model plant. In their case, (5 and homoDS (Cas- and
Coxy-BRs, resp.) were detected in neither young nor mature leaves,
epi5 was present in the young leaves only and the level of naTE
atd homoCS (Cpp- and Cpp-BRa, regp ) v higher in the mature
leaves compared to younger ones. This s inconsistent with our
resulis where the levels of homoCS are abowt an onder of magninde
higher in our younger leaves (4%) than in the older leaves (3%).

Oer above-mentioned data lead sirongly to the sspgetion that
the younger, £ leaves of maize probably for some reason divert
their BE biosynthess from Cx-BRs (TY, C5, BL, gpiBL) to Cao-BRs
like bomoCS The biosyntheds of -, Cpa- and Cy-BRs s
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interconnected at various levels. OS5 can be syntlesized from many
Cp 10 Cogy-BRS precursors incheding norCS, homoCS and hano DS
(Bajgur et al | 2020). However, we think that the divergence of BR
bicaynilsesis in our younger leaves probably occurs at the very early
bicsynthetic steps, prior to the beginning of the late C-22 oxidation
pathway, hmﬂwd‘]m:ppumdmbe:vaymmof
CRand CH. Ths, the BR biosynthesis in the younger maire leaves
{at least in this inbred line) is probably strongly redirected from the
CR (and/or cholesterol) branches to the parlled sitoseml branch of
the BRMMM ]::Iﬂm'!.f{ﬂamur etal, 200k Wei and Li, 2020
This might explain the kighly elevated level of homoCS then. With
respect i the kvels of the homoDS, one can mly speculate that
within the sitosterol branch the biosynthesis is not further diverted
vig 215 hydrosyisofecosterol, which i propased to be a precursor
of homoDS {Hau_{ur. et al., 220.

4.5 Effects of drought on endogenous Cz,
Cpg-and Cg-BRs

The final part of our experiment to be discussed is the eflect of
droeght per se on the levels of individual BRs and iheir precumsors.
‘We found that dought dightly enhanced amaounts of CR and CN
and reduced amounts of TY, homoCS and homoDS in the leaves
(and to a lew extent in roos) of our experimental plamts. The
reduction of bemeCS levels was particulady pronounced in the 4%
leaves. Drought also led i reduced levels of € in the 3 leaves (in
the 4 leaves there were mostly no changes or even an increase),
while for BL the situation was uswally the opposite. Regarding -
BEs, exposure of plants to drought was associated with genemlly
higher amounts of morCS but mostly no changes of the norBL
content. The observed changes in the levels o individial BRs are
generally cmsistent with the reslts of our previous stedy made
with the same inbred line of maize { Tamova et al, 2018). Similarky
to that study, we abo did not detect the presence of either DS, DL,
homoBL, homelLor nofTE. The unchanged levels of CS in our 4%
leaves are alio in agreement with previous stdies on drowght-
stressed young pea leaves (Jager et al, 2008), tobacco leaves (Duan
etal, Iﬂﬁar.d.oesm{l.)u:_g et al, 2014) Md.l.im:]]!l.l’..inﬂbe
last study, BL was detected in well-watered plants but not in the
drught-stressed ones

As stated above, CR and CN are precumon in the late C-22
oxidation pathway leading to the bosyntlesis of the Cy-BRs
(Bajguz et al, 2020). Their dightly increased accumubstion in our
drought-stressed plants together with the reduced levels of the
products of the subsequent early C-6 aidation pathway (TY, C5)
could indicate at least partial inhbition of this BR Besynthetic
pathway after plant exposure to drought. However, C5 can be abo
synthesived from homolS and homoDS (Bajgur et al, 2000) and
the reduced levels of these two BRs in our plants suggest the
amocation of drought exposure not only with the inhibition of
the Cy-BEs bisynthetic pathway but alo with the reduced
bicaynilesis of Cxn-BRe Altematively, C5 can be aloo synthesized

M) SRESfpE 205 1199162

inhibited by dreght in maize but that the conversion of norCS to
C5 5. Thus, we suggest that drought inhibits Cy-BRs and Cy-BRs
biosynthetic pathways whereas Co-BRs biosynthesis is not
patticulady afected. Further, the inhibition of the bicsynthess of
Coy-BRs applies particularly for the older leaves whereas the
inhibition of Cos-BR bicsynthess is more pronounced in the
younger ones (which can be asiociated with the shove-mentioned
prefer noes for one or the other bimsynthetic pathway in these two
types of leaves).

It is worth emphastring that this endogenous BR response to
drought in maize might sot be a universal response and does not
have to apply to other plant species (or even cultivams of the sime
species). Even closely relited species can show very different
responses of their endogenous BR contents to drought as
demonstrated by Pavlovic et al. (2018) who analyzed three species
of Brassica under control and drought conditions. They found a
reduction of TY amownts, anelevation of C5 amounits, and an even
more dgnificant elevation of BL amounts in their stressed Chinese
cabluge plants whereas ther were no changes in the aher two
species except a mild reduction of BL levels in kale and a mild
increate of TY levek in white cﬂ"ﬂ# (Paviovic ef al, 2018).
Unfortunaiely, scientists who studied endogencus BR contents in
plants wnder drought conditions wsually amalyred only several (or
an]'!.rane] Coag-BRs and 50 Cor or Cap-BRs (Supplementary File I).
Only Grusdea et al (2016) found increased C5 levels and mostly
unchanged homoBL levels in barky exposed to the nsufficent
water supply as compared 1o the well-watered planis On the other
hand, Malaga et al [ 2020) reported mostly no dhanges for OS5 but a
significant increase of bomoCS amownts in lesves of some drought -
sensitive barley cultivars but not in cultivas with moderate or high
drought tolerance. Our previous study with maie showed
intraspecific differences in drought-induced changes of
endogenous BR levels as well: the drought-tolerant inbred line
had been analyzed together with the drought-sensitive one and
differed in the contents of some individual BRs (particularly TY,
aorCs, noerBL) both under normal and drought conditions
(Timova et al, 2015). Thus, to better understand the relationship
between drought and biosyn frei s metabaism of variows BRs, more
detailed analyses of more plant species, more cultivars of the sume
species, made under mild, moderate, or severe drought conditions,
amd incheding plintsleaves of different developmental stages are
dearly very much needed

5 Conclusions

The resulis of our experments presented in this paper offered
several interesting answers 1o the five main oljectives of our study.
Firaly, when determining fe response of these two types of leaves to
thse combination of drught eposere and te application of eogenns
epiBL, we found that the response of laves of different ages differs: the
obder leaves can dhow sccelerated senesene under aich oonditions
reflected in ther reduced diloropliyl] content and dimind ded dficiacy

Fromn norCS ( Bajgue et al, 2020), and here the observed reduction of
€8 amounts in our 37 Jeaves together with the accumulation of
norCS could perhaps mean that the Cp-biosyntheds per @ is not
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of the ploary photsynthetic processes, whereas the younger leaves
are charscterized by inmeresting dangesof proline levels in response to
epiBL treatment (this deserves a further, mone detsiled exploration).
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Secondly, the exogenos application of epBL belixre or during drought
did not result in a different response of plants to his stress factor
(which disproved our onginal hypothesis on this topic]. Thirdly, we
showed that e aatents of Cp- and Co-BRs in plants revied with
exogenows pBL depended on the length of time between this
treatment and the BR amalysis (which confimmed our original
hypothesis) Finally, we demonstrated maked differences in the
contents of individual BRs between younger and older maize leaves,
which ks, in our opinion, te maost interesting resull of our study. We
propose that e younger matre leaves divert their BR biooymithess
Foontm C - BRS o - B, probably at the very eady biosynisetic steps
{prior to e beginning of the late C-22 oxidation pathway). Doowght
abo apparenty negatively affected biosynthetic pathways of Cy-BEs
(particulady in the dder leaves) and Cy-BRs (particulady in the
yonerzger Jeaves) but mot Cop-BRS in ouer malze plants,
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Abstract Plant steroid alcohols, plant sterols, are essential components of cell membranes that
perform many functions. Their most prominent function is maintaining membrane semipermeability
and mgulating its fluidity through their specific interaction with phospholipids and membrane
proteins.  This work is fomused on the study of the interaction of two groups of plant sterols,
brassincsteroids (BEs) and phytoecdysteroids (PE). Steroid substances belonging to both groups are
important signaling molecules essential for plant growth and development, but while the first group
has all the known attributes of plant hormones, the second lacks hormonal function in plants. The aim
of this preliminary study was to determine at what concentration level and to whatextent substances
of this type are ablk to interact with each other, and thus influence the early growth and development
of a plant. It was found that exogenously applied PE 20-hy drosgyecdysone (20E) significantly reduced
the level of endogenous BRs in four-day-old garden cress (Lepidium siffoun) seedlings. On the other
hand, exogenously applied BRs, 24-epibrassinolide (epiBL), caused the opposite effect. Endogenous
20E was further detected at the picogram level in garden cress seedlings. Thus, this is the first report
indicating that this plant species is PE-positive. The level of endogenous 20E in garden cress seedlings
can be decreased by exogenous fpiBL, but only at a relatively high concentration of 1.107% M in a
culture medium. The image analysis of garden cress seedlings revealed that the length of shoot is
affected neither by exogenous BRs nor PE, whereas the root length varies depending on the type and
concentration of steroid applied.

Keywords: triterpencids; brassinostercids; phytoecdysteroids; Lepidium satioum; plant growth

L Introduction

Plants, lacking maotility, have never developed a nervous system, but they have evolved an
intricate network of signaling molecules—chemical messengers—that play an indispensable role in the
regulation of their responses to environmental stimuli, as well as their growth and development [1]
Brassinosteroids (BRs) and phytoecdysteroids (PEs) belong to a family of plant sterols that are a part of
this network, and are thus active players in cell-cell communication in planta [2,3]. Chemically, both of
these tetracyclic triterpenoid classes comprise of Cyp to Cog polvhydroxylated steroid structures with
an oxygenated B-ring (Figure 1, marked in eal).

However, there are a few structural differences between these two groups of phytosterols that
ultimately have a direct effect on the dissimilarity of their biological activity, namely: (1) the B-ring
in BRs bears only a carbonyl group at C-6, while PEs have a characteristic 14a-hydrowy-7-en-6-one
chromophoric moiety (Figure 1, marked in teal); (2) the orientation of hydrowyl groups at C-2, C-3,
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and C-22 is mirrored; and lastly, (3) the junction of the A- and B-rings is in a cis-orientation in the
skeleton of PEs, while BRs have a trans-configuration. Importantly, six-membered B-ring in BRs may
be expanded during their biosynthesis to form a lactone, which occurs in the case of brassinolide (BL)
and its epimer 24-epibrassinolide (epiBL, Figure 2). These 7-oxalactone BRs show greater biological
activity than 6-oxo types (e.g, castasterone, Figure 2) [4]. However, the structure of the side chain
in PEs and BRs could be more important for their biological activity than that of their steroidal core
skeleton, as demonstrated by Watanabe [5]. He found that hydroxylation at C-20 is detrimental to
the plant’s hormonal activity of BRs, whereas the stereochemistry of the hydroxy group at C-22 is of
pivotal importance for the molting hormonal activity.

o

20-hydroxyecdysone
Figure 1. Chemical structure of promnent neg taty fbrassinosteroids ( terone, 24-epibrassinolide)
and phytoecdystercads (20-hydroxyecdysone, 20E).
000 4 - 450

control 104 M WM | 1M
ilnﬂlmﬂl[mm] 2192401 31752386 | 42172572 | 40134507

|Eshoot length (mm)| 1907134 | 1365150 | MA7£202 | 14502083

| shoot/ root ratio 342005 2584035 | 307:039 | 281:032

Figure 2. The graph of dependence of the shoot and root grow th of four-day-old Lepidium sativum
seedlings on the concentration of exogenous 20E. The datajerror bars represent the meanystandard
deviation of six mdependent measurements.
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BRs ame generally accepted as plant hormones with known meceptor [6] and well-described
biclogical functions [7], while PEs are most often regarded as signaling molecules providing protection
against non-adapted insects and/or soil nematodes [8,59] without hormonal properties. Whereas BE
receptors show a high spedificity, PEs exhibit weak or no activity in bicassays of BRs [10,11] and
vice versa. Mevertheless, there are a range of physiological processes that are affected by both
BEs and PEs, although the mechanism of their mutual interaction is not known yet. For instance,
selected representatives of BEs (gpiBL) and PEs (20E) have been shown to increase the yield of
photosynthesis [12], and exogenously applied epiBL induces changes in PE content as well as PE
profiles in the plant tissue [13].

The aim of this work was to show that the presence of exogenous PEs can also cause changes in
the levels of endogenous sternid hormones, BRs. For this purpose, an earlier well-established sensitive
analytical technique based on ultra-high-performance liquid chromatography coupled to tandem mass
spectrometry (UHPLC-MS/MS) was used [14].

2. Results and Discussion

2.1. The Effect of Exogenous Phytoecdysteroid on Grouth of Lepidium Seedlings and the Levd of Endogenous
Brassinosteroids

The data obtained by the image analysis of four-day-old garden cress seedlings showed that the
length of their shoots was not affected by the presence of 20E at all, and reached an average of 14.2 mm
in all of the experimental setups (Figure 2). The roots of the same seedlings were found to be about
three times longer compared to comesponding shoots. A significant change cccurred only when the
growing media was treated with 20E at a concentration of 1.107% M, when the length of seedlings’ roots
decreased by 23.5 .. Therefore, the trend of shootto-root ratio reflects the trend observed for the root
length (Figure 2).

By determining the levels of naturally ocourring BEs in garden cress seedlings grown on media
with 20E at the indicated concentrations, it was found that this PE generally reduced the levels of
endogenous BRs by an average of 38% compared with the control plants (Figure 3A). The greatest
influence for 20E was at a concentration of 1-1077 M, where there was a reduction in the total lkevel
of BEs by 44% compared with the control, ie., garden cress seedlings grown on a medium without
20E. This observation might be explained by the ability of PEs to affect BRs biosynthesis by so far
unknown mechanisms. By analyzing the profile of BRs arising at the end of the early C-6 oxidation
bicsynthetic pathway (typhasterol (TY) — castasterone (C5) — brassinolide (BL)), we found that 20E
had the greatest effect on the level of the most biologically active BEs, BL (Figure 3B), which is the end
product of the biosynthetic pathway of all BEs [7]. Its analogue, lacking the CH; group at carbon 28,
28-norbrassinolide (norBLY), is the second most abundant BR of all endogenous BEs detected in the
garden cress (accounting for 31.7 %% of all BRs; Figure 3C) and the trend in its levels exactly imitated
the situation described for the sum of all BRs in the studied tissve (Figure 3A). It also coincided with
the trend in BL levels (Figure 3C). However, the highest level was determined for 28-norcastasterone
{norC5; accounting for 43.5 % of all BRs), decreasing with increasing concentration of 20E in the culture
medium, and reaching 68.8 % to 48.8 % of the nor(S content in the control plants untreated with 20E
{Figure 3.

Reciprocally, the BEs levels wemne also quantified in garden cress seedlings cultured on one of
the selected BRs (epiBL) at the same concentrations as in the case of 20E, ie, at 11075 M, 11077 M,
and 1-107% M in the medium. It was found that emBL acts on the levels of endogenous BRs exactly the
opposite way of the effect of 20E. EpiBL increased the levels of endogenous BEs by an average of 32 %
{Figure 4A). It had the greatest influence on the levels of BRs at a concentration of 1107 M, when the
total amount of BEs in the garden cress tissue increased by up to 6949 %, compared with the control.
This increase was 19.8% and 4.6% for 1-107% M and 1-107% M of epiBL in the medium, respectively.
An analysis of the BR profiles revealed that among all of the detected BEs, the highest levels observed
were again of norCS (Figure 48), followed by norBL (Figure 4C). This is in agreement with the data
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obtained in the experiment with the cultivation of garden cress seedlings on a medium with 20E
(Figure 3). The trend of norCS levels across exogenous concentrations of epi BL applied in garden cress
culture media corresponded with the trend for the sum of all BRs (Figure 4B vs. Figure 4A). It follows
from the above that the PEs and BRs in garden cress tissue have an antagonistic effect, and exogenously
applied BRs have a much greater influence on the biosynthesis of BRs than PE at the same concentration
(see below). This might be related to the presence of the BR receptors in plant cells, which transmitted
anexogenous BR signal much more sensitively than that of PE under the same experimental conditions.
The reports about antagonism between PEs and BRs are relatively limited. However, Lehmannet al
showed that BRs bind competitively to ecdysteroid (EC) receptors partially purified from larvae of the
blow fly Calliphora vicina and inhibit biological responses to 20E [15]. Furthermore, using Drosophila
melanogaster By cell bioassay, a series of synthetic hybrid BR/EC structures have been assessed for their
EC agonist/antagonist activities w here only three compounds weakly antagonized the action of 20E
at 5107% M [16). Nevertheless, none of the ECs showed activity in the rice lamina inclination test,
a well-established BR bioassay, demonstrating the high specificities of the insect EC receptor and the
plant BR receptor.
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Figure 3. The effect of 20E at different concentrations on the (A) total content of endogenous
brassinosteroids (BRs); (B) the content of typhasterol (TY), castasterone (CS), and brassinolide (BL);
(C) the level of norBL (28-norbrassmnolide) vs. BL; and (D) the level of norCS (28-norcastasterone)
va. CSin four-day-old seedlings of Lepidium sativim grown in vitro. Data/error bars nepresent the
mean/standard deviation of three mndependent determimnati

2.2. The Effect of Exogenous Brassinosteroid on Growth of Lepidium Seediings and the Level of Endogenous
Phytoecdysteroid

Based on the image analysis of four-day-old Lepidium seedlings grown on an agar MS (Murashige
Skoog) medium containing either 1.107 5M, 1107 M, or1-10°8 M epiBL, itwas found that the length of
their roots decreased in a concentration-dependent manner, while the length of the shoots seemed to
increase only moderately (Figure 5). The root length of the control plants grown on media without
epiBL was comparable with those grown on media containing 1-107% M of epiBL, which then slowly
decreased with the increased concentration of these BRs in culture media, and reached about 77 %
of the control root length at 1:107° M of epiBL. The length of the seedlings’ shoots was not affected
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for those grown in the presence of epiBL at concentrations of 1.107% M and 1-107 M, whereas the
concentration of 1-1076 M of this plant growth regulator in the culture medium caused an increase in
this parameter by 21%. The shoot-to-root ratio therefore decreased by 49%, from 3.36 (control plants)
to 1.66 (plants grown in the presence of 1-10°% M epiBL; Figure 5).
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Figure 4. The effect of exogenous epiBL (24-epibrassinolide) at different concentrations on the (A) total
content of endogenous BRs, (B) the level of norCS vs. CS and (C) the level of norBL vs. BL in
four-day-old seedlings of Lepidium sativum grown mnvitro. Datalerror bars represent meanystandard
deviation of three independent determinati
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Figure 5. The graph of dependence of shoot and root growth of four-day-old Lepidium saf foum seedlings
on the ¢ tration of exog epiBL. The data/error bars represent the mean/standard deviation of
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The quantitative analysis of 20E in extracts of four-day-old seedlings of garden cress by
UHPLC-MS/MS confirmed the earlier published finding [12] that exogenous epiBL is able to affect the
endogenous level of PEs. As can be seen from Figure 6, the amount of 20E was about 1.9 pg/mg of fresh
weight (FW) in the control Lepidium seedlings (no epiBL in growth medium), and remained almost
unchanged even in the presence of 11077 M and 1-107% M of epiBL. This substance, at a concentration
of 1.107% M, caused the level of endogenous 20E to drop to 1.3 pg/mg FW, which is about 32%. This is
in agreement with data of Kamlar et al. [13], who used Spinacia oleracen as a model plant, examining
PEs for their experiment. In the case of garden cress, this is the first report of the presence of 20E in this
plant species to our knowledge.

250 1
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(W2E| 1932008 | 199:027 205+0.10 1322033

Figume 6. Graph of 20-hydroxyecdysone (20E) content in four-day-old seedlings of Lepidium sativum
grown m vitro on media containing different concentrations of epiBL. Data/error bars e present the
mean/standard deviation of three mdependent determmations,

3. Material and Methods

3.1. Plant Material, Growing, and Cultivation Conditions

The seeds of Lepidium satioum L. (Moravoseed Plc., (zech Republic) were surface-sterilized using
a 70% ethanol solution containing 0.1% of Tween® 20, and were cultivated in vitro on vertical plates
(120 % 120 x 17 mm; P-LAB, Czech Republic; 10 seeds in two separate lines/plate) containing 70 mL
of Murashige Skoog (MS) basal grow th medium including vitamins (4.4 g of MS salt/L; 3% sucrose;
pH 5.6; agar 5.5 g/l.—all purchased from Dutchefa Biochemie, the Netherlands). The cultivation was
performed for four days under long day conditions of 18 h light, 23 °(Y8 h dark, 18 °C, and light
intensity 300 umolm 257! (Photon Systems Instruments Ltd., Czech Republic). After four days of
cultivation, a picture of the seedlings was taken for image analysis (see below), and the seedlings were
then collected, frozen in liquid nitrogen, and stored at —80 °C in a freezer until extraction and analysis.

In the experiment related to the study of BRs" effect on PEs (20E), vertical plates containing
0 mol/L (control), 1-107° mol/L, 11077 mol/L, and 1:107% mol/L of epiBL (OlChemIm Ltd., Olomouc,
Czech Republic) in an agar MS medium were prepared, with three identical plates for each sample.
Similarly, when studying the effect of 20E on the levels of BRs, vertical plates containing 0 mol/L,
11078 mol/1, 1107 mol/L, and 1-107# mol/L. of 20E (Merck, Darmstadt, Germany) in an agar MS
medium were each replicated three times.

The Java-based open source image-processing program Image] (the National Institutes of Health
and the Laboratory for Optical and Computational Instrumentation, University of Wisconsin, USA)
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was used for image analysis of the garden cress seedlings. Deionized (Milli-Q) water obtained from
a Simplicity™ UV Water Purification System {Darmstadt, Germany) was used to prepare all of the
aqueous solutions. All of the other chemicals (analytical grade or higher purity) wem from Biosolve
Chimie (Dbeuze, France).

3.2 Sample Preparation and Analysis of Brassinosteroids by Lltra-High-Performance Liguid
Chromatography-Electrospray Tandem Mass Spectrometry (UHPLC-ESI-MSMS)

The extraction and analysis of the BRs was performed in three technical replicates according to
Tarkowska et al. [14], with some modifications. Briefly, fresh plant tissue samples of 10 mg fresh weight
(FW) were homogenized to a fine consistency, with 1 mL of 60% acetonitrile (ACN) as the extraction
solution. The samples were then extracted ovemnight after adding BEs internal standards (OlChemIm
Ltd. Olomouc, Czech Republic). The crude extracts were centrifuged (36,670 g, 10 min, and 4 “C;
Beckman Avanti™ 30), and the cormesponding supernatants wene further purified using polyamine
solid phase extraction columns Discovery DPAE-GS (50 mg, Supelco®, Bellefonte, PA, USA). Finally,
the samples wemne analyzed by UHPLC-M5/MS (Micromass, Manchester, UK). The quantitation of BRs
was performed using the isotope dilution method [17] after processing the MS data with Masslynx
software (version 4.2, Waters, Manchester, UK).

3.3. Sample Preparation and Analysis of Phytoecdysteroids by Ultra-High-Per formance Liguid
Chromatography-Electrospray Tandem Mass Spectrometry (LUHPLC-ESI-MSMS)

The extraction and analysis of PEs was performed according to Kamlar et al. [13], with some
modifications. Fresh plant tissue samples of 10 mg FW were homogenized to a fine consistenoy with 1
mlL of 80 % methanol (MeOH) as the extraction selution. The samples were then extracted overnight,
followed by centrifugation of the crude extracts (36,670 g, 10 min, and 4 °C; Beckman Awanti™
30) and purification of corresponding supematants using polyamine solid phase extraction columns
Discovery DPA®.65 (50 mg, Supeloo®, Bellefonte, PA, USA). Finally, the samples were analyzed by
UHPLC-MSMS (Micromass, Manchester, UK).

3.4, Statistical Analysis

All data weme subjected to a standard analysis of variance. The means wene compared using
Tukey's HSIY test, with the significance threshold set at (.05 All calculations were performed using the
Sigma Plot software v12.3.

4. Conclusions

The experiments performed in this preliminary study show that the presence of 20E, the most
widely distributed PE in natume, reduces the levels of endogenous BEs in four-day-old seedlings of
Lepidium sativum belonging to the Brassicaceae family. The largest decrease in the sum of endogenous
BRswas observed on the medium with 20E at a concentration of 1-1077 M, while the greatest effect had
the presence of exogenous 20E on the level of brassinolide, the most biclogically active BR. The reciprocal
treatment of culture media with exogenous gmBL caused the reduction in 20E endogenous level only at
the highest concentration of 1:10~% M used. The presence of endogenous PEs in this plant species has
notyet been published, so this is the first report about Lepidium sativum being PE-positive.
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Abstract Many substances of secondary plant metabolism have often attracted the attention of
scientists and the public because they have certain beneficial effects on human health, although the
reason for their biosynthesis in the plant remains unclear. This is also the case for alkaloids. More than
200 years have passed singe the discovery of the first alkaloid (morphine). and several thousand
substances of this character have been isolated since then. Most often, alkaloid-rich plants are part
of folk medicine with centuries-old traditions. What is particularly important to monitor for these
herbal products is the spectrum and concentrations of the present active substances, which decide
whether the product has a beneficial or toxic effect on human health. In this work, we present a fast,
reliable, and robust method for the extraction, preconcentration, and determination of four selected
alkaloids with an indole skeleton, Le., harmine, harmaline, yohimbine, and ajmalicine, by ultra-high
performance liquid chromatography coupled with tandem mass spectrometry. The applicability of
the method was demonstrated for tobacco and Tribulus terrestris plant tissue, the seeds of Prgmrum
harmala, and extract from the bark of the African tree Pausinystalia johimbe.

Keywords: monoterpene indolke alkaloids; monoamine oxidase inhibitors; harmaline; harmine;
yohimbine; ajmalicine; plants; analysis; ultra-high performance liquid chromatography;
mass spectromeiry

1. Introduction

Alkaloids are a well-known and important group of natural substances. The name “alkaloid” is
derived from the alkaline nature of most of these substances, thanks to which it forms salts with acids
Muost alkaloids ocour in flowering plants as products of secondary metabolism, mainly in the form of
salts with organic acids (acetic, oxalic, citric, lactic, tartaric), rarely in free form [1]. Alkaloids ocour most
often in the higher dicotyledon plants, and, to a lesser extent, in monocotyledons, e.g., the Liliaceae
family. Even some seedless plants contain alkaloids, e.g., the vew tree (Taxus), joint pine (Ephedra),
ground pine (Lycopodium), or horsetail (Equisetunt). However, alkaloids are also present in some fungi,
such as Claviceps purpurer or Psilocybe. The structure of alkaloids is very diverse: they can be aliphatic,
cyclic, and aromatic, and they can also often have a steroidal structure. Biogenetically, alkaloids are
mostly derived from amino acids, namely, omithine, lysine, phenylalanine, tyrosine, tryptophan, and
histidine. The subject of this article is indole alkaloids (IAs) in particular. This group of alkaloids
have a common structural feature, the indole skeleton, which is biosynthetically derived from amino
acid tryptophan (Trp; Figume 1). Most LAs also contain isoprenocid building blocks being formed via
both known isoprencid pathway s—the mevalonate pathway (MVA) and the nonmevalonate pathway,
also called the 2-C-methyl-p-erythritol 4 phosphate pathway (MEP) [2]. According to the structure of

Molecyles 2020, 25, 3774; dot:10. 3300 miclecules25143274 \nmmd.FL:nm.'jnum.:L"uuhmE:
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the terpene unit, we distinguish simple 1As (including one Cs unit—ergot alkaloids) and terpene IAs
{(including two Cs units and containing 9-10 carbons: Catharanthus, Rauwaifia, and Strydinos alkaloids).
Simple [As are derivatives of tryptamine (Figure 1), which is a decarboxylation product of Trp.

tryptophan (Trp) tryptamine
Figure 1. Structune of try ptophan (Trp) and try ptamine with indole ring marked in eal.

Well-known members of this group are psylocin and psilocybin, which are alkaloids isolated
from species of the Psilocybe genus. The subjects of interest of this study were harmine, harmaline,
yohimbine, and ajmalicine (Figure 2), which are compounds belonging to a group of terpene 1As
commonly called monoterpenocid indole alkaloids (MIAs); they are formed from try ptamine and the
Cyp terpene unit. It is the largest family of alkaloids in the plant kingdom, consisting of over 2000
compounds of the 10,000 alkaloids identified so far [3]. Many of these natural secondary metabolites
are physiologically active in mammals, and they are isolated from various medicinal plants for their
specific pharmacological effects.

LJ "
o ’

|
yohimbine ajmalicine

Figure 2 Structur: of monoterpenoid mdole alkaloids selected for this study (indole ring marked
in teal).

Among them, harmala alkaloids (isolated for the first time from Pegamum harmala [4] with harmine,
harmaline, harmalol, harmol, and tetrahydroharmine as the most important representatives) are potent
inhibitors of monoamine oxidase (MAO, EC 1.4.3.4), ie,, they can decrease the rate of degradation
of monoamine neurotransmitters; therefore, they can be used as antidepressants [5]. The other two
MIAs included in this study, yohimbine and ajmalicine, are present in many plant species, especially
in those of the Rauvolfia and Catharanthus genera (both of the Apocynaceae family). They grow in
tropical and subtropical forests of Asia, Africa, and Latin America, and have been commonly used in
the Indian and Western systems of medicine, and in traditional Chinese medicine since antiquity [6-5].
The main therapeutic effects of ajmalicine, yohimbine, and other IAs of this type (e.g., reserpine)
include antihypertensive and antiarrhy thmic properties [9,10]. However, there are also studies where
an antitumor effect was demonstrated [11,12].
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Although the occurmence of MIAs is relatively well-known, approaches for microscale extraction
and sample pretreatment prior to their determination by sensitive analytical method are limited.
Similarly, the mlative distribution and content of alkaloids in plants are often inconsistent or not
well-established [13-15]. Consumers in countries where plants rich in MIAs do not grow may receive
these plants in the form of dried herbs, extracts, and other preparations that are usually sold as food
supplkments. In many countries, products of this ty pe are not thoroughly controlled for active and other
substances. When we remember the statement of Faracelsus (1493-1541; Swiss alchemist, astrologer,
and physician) that “the dose makes the poison” (Sola dosis fact venenum in Latin, ie., a substance
can cause the harmful effect associated with its toxic properties when it reaches a biological system
in a certain concentration, we come to the conclusion that these natural products may be dangerous
to some individuals. Therefore, the aim of the present research was to establish a fast reliable, and
high-throughput method for the determination of four pharmacologically significant substances from
the MLA family for the rapid testing of their content in food supplements of plant origin. The method
was validated and subsequently applied for quantitative analysis of these compounds in different,
previously unpublished, plant materials. Additionally, part of the study was focused on profiling the
selected MIAs in different parts of the tobacco plant to concurrently demonstrate the dependence of
alkaloid level on the type of plant tisswe (alkaloid distribution across the plant).

2. Results

2.1. Extraction and Purification Procedure

The extraction and purification procedure was developed with respect to both the relatively
hydrophobic (indole ring) and the alkaline character of all studied compounds, which was demonstrated
by their dissodiation constant pK, ranging from 6.31 (ajmalicine) to 9.55 (harmaline) [16]. Substances of
this character weme extracted from plant material using 60% MeOH (solvent for elatively hydrophobic
substances) containing (0.25% of NHyOH (alkaline additive). For the purification of crude extracts
containing MIAs, a mixved-mode solid phase extraction (SPE) sorbent Bond Elut Plexa POX having
cation-exchange properties was used to effectively retain MLAs on the sorbent, while substances with
adidic properties, and neutral substances were removed from the sample matrix. The ion-exchange
group of the used cation-exchange SPE sorbent was bound to a polymer matrix, ensuring its stability in
awide pH range (1-14) and was intended for substances with a dissociation constant pKa of 6-10, which
met the range of dissodation constants of the substances of interest. Because the selected extraction
solvent contained a base (ammaonia), it was necessary to emove it from the sample by evaporation
to dryness before applying the sample to the cation-exchange SPE, as the base retention occurs on
the cation-exchange resin in an acidic environment where sorbent functional groups are negatively
charged, and analytes are positively charged. To induce an acidic environment after evaporation
to dryness, a solution containing 60%: MeOH with 2% formic acid was selecied for the loading of
MILA-containing samples. After retention of the basic substances, the hydrophobic inferferents wene
removed from the sorbent by washing with 100% MeOH, while the acidic and neutral substances
passed through the column without retention. For the elution of basic substances, including the
studied alkaloids, an elution solution containing 607 MeOH with the addition of 5% NHyOH was
chosen. Using this extraction and purification procedure, the following recovery values for the four
standards of monitored alkaloids from the PCX sorbent were found: harmine, 857.86%; harmaline,
51.13%; yohimbine, 80.55%; and ajmalicine, 63.38%.

2.2 MIA Analysis by Liguid Chromatography-Mass Spectrometry

For the LC separation of the four MIAs of interest, two reversed-phase columns were tested:
a ultra-high performance liquid chromatography (UHPLC) column with a sorbent containing a
phenybhexy]l group that selectively retained polyaromatic compounds through -m interactions
{Acquity UPLC® CSH™ Phenyl-Hexyl, 2.1 % 50 mm, 1.7 um; Waters, Dublin, Ireland), and a UHPLC
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column with Cyg particles made by &echnology offering a superior peak shape for basic compounds
under weak ionic strength mobile-phase conditions (Acquity UPLC® CSH™, 2.1 x 50 mm, 1.7 um;
Waters, Dublin, Ireland). lonization efficiency and peak shape were found to be satisfactory when
acetonitrile (ACN) (solvent A) and 10 mM ammonium acetate solution were used as components
of the mobile phase. Under these conditions, retention times were acceptable and ranged from 215
(harmaline) to 5.38 min (ajmalicine) on the CSH column, and from 2.24 to 4.97 min on the phenyl-hexyl
CSH column (Figure 3).

o 692> K
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050 1.00 150 200 25 300 350 400 LR 500 555
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050 1.00 150 200 280 300 s 400 a8 500 556
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=
—
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I
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Figure 3. Ultra-hugh performance iquid chromatography—-tandem mass spectrometry (UHPLC-MSMS)
chromatogram of four-indole-alkaloid standard mixtune on Acquity upPLC® csH™ Phenyl-Hexyl
column using acetonitrile and 10 mM ammonium acetate; pH 10.0.

However, two important chromatographic characteristics deteriorated when separated on a
CSH vs. phenylhexyl CSH column. The resolution of the harmine and harmaline critical pair
significantly decreased from 90% to 70%, and the average width of all peaks increased by 27% on the
CSH column compared to the phenyl-hexyl counterpart (the largest difference in peak width was
found for harmaline when it reached 36%). For these reasons, the phenyl-hexyl column was chosen for
the further optimization of MIA separation. When optimizing the acidity of the mobile phase, 10 mM
ammonium acetate solution adjusted to different pH levels was prepared. Ata pH below 8.0 when
all analytes were positively charged, significant widening of peak width was observed. Specifically,
the width of the harmaline peak was 25% higher when using 10 mM ammonium acetate of pH7.0 than
that of the same mobile phase adjusted to pH 8.6. Moreover, large peak tailing was observed at pH
7.0 to 8.6 for this compound. The symmetry of this peak was achieved by increasing the pH of the
mobile phase to a value of 10.0. This behavior might have been related to the dissociation constant of
harmaline, which was the highest of the dissociation constants of all monitored substances and reached
the value of 9.55 (see above). Therefore, in order to successfully separate such basic substances on this
type of stationary phase, itwas necessary to adjust the pH of the mobile phase so that the separated
substances were in neutral form.
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2.3, Method Validation

The following performance studies were carried out to prove the suitability of the newly developed
method for routine analysis of selecied MLAs in biological samples of plant origin: calibration and
linearity, limit of detection and limit of quantitation, analytical accuracy; precision and matrix effect

2.3.1 Method Calibration and Linearity

Calibration curves were created by preparing sclutions containing varying amounts of each
unlabeled MIA and a known, fived amount of the methyl-'*C, Di-yohimbine as internal standard (I5)
across concentration ranges of 5 to 100 pmol/2 pl. of injection. Four separate injections were used
to give the resulting calibration curves, which were linear in the selected concentration range for all
four MLA compounds investigated {correlation coefficient, RZ, values obtained were in the range of
0.9910 to 0.9985; see Table 1). The linear range for all calibration curves was shown to cover 2 orders
of magnitude.

Table 1. Validation data for UHPLC-MS/MMS analysis of four indole alkaloids,

Relention Cormelation Dhynamie
Compeund T]m.n Calibration Eguation Coeficknt LOMD (pg) 1O (pg) Bamnge
min ]

B ipml)
Hurmalire: 2132001 logy= 03T Jogx) - 012 QL5 ail Lid 8100
Hunsire: 21E =001 logy = 077 Jogx) - 0181 L5as alg L&D 8100
Yolimbline 2982001 logy= LUIE (ogx)— L3041 LiLo an ) ] 5-100
Ajmalicine 494 =00l logy = L8S7H (logx) — 0N QL8 all 36 8100

LOTY, limit of detection; LOGCY limit of quantitation.

2.3.2 Limit of Detection and Cluantitation

The limit of detection (LOD) was evaluated using an approach based on the standard deviation,
3p, of the calibration curve and the slope, and k, of a regression curve (LOD = 3 x 53/k). The limit of
quantitation {LOY) was evaluated using a standard deviation/slope ratio approach (LOQ = 10 = sy/k).
The LODs and LOOs for MlAs are summarized in Table 1. The lowest LODYLOOQ was found for
yohimbine ((LO1/0L05 pg), while the most basic harmaline showed the highest values (0.31/1.04 pg).

233 Analytical Accuracy and Precision

The analytical accuracy of the newly developed UHPLC—(+)electrospray (ESI-MSMS method
for the determination of selected MILAs was evaluated by the “standard addition method” using two
sets of samples: purified extracts of Nicotima tabaoum tissue (5 mg fresh weight (FW) of leaf tissue—%h
leaf—in 1 mL of extraction solution, six replicates) with the addition of 125 and 250 pmol of authentic
MIA standards prior to one step sample purification by SPE. The concentration of each analyte was
calculated using the standard isotope dilution method for each plant extract spiked before extraction
and compared with the concentration of appropriate standard solution The analytical accuracy values
ranged between 7.7 and 102.0% of the true amount (Table 2). The analytical precision was determined
to be in the range of 1.5 to 3.5% (Table 2).

Table L Analytical accuracy and precision for determination of monoterpenoid mdole alkaloads (MIAs)
by the UHPLC—(+) alectrospray (ESI-MSMS method.

Dctermined  Analptical | Amalytical oo Analyfical  Analyfical
Compound  Spiked Content  Precision ™ Accuracy & Cm:f::il’:nmu Precision ®  Accuracy B

A pmiodh %) % %) %h
Harmalire: 1288 £ 02 a5 1064 W38+ 14 25 Lo
Harmine 1238208 15 L 2455 £ 02 22 w2
Yohimbine 1250 = 0.3 21 1063 2851 =08 28 100
Ajgmalicine 1228218 24 240 2842212 23 w7

(A} Extracts of 5 mg fresh weight (FW) Nicotizna siacum tissoe spiked with 125 pmol or 250 pmiol (B) of authentic
MIA standards, 'puriﬁcd by the one solid phaseex traction (EFEJMP approach and analyzed by UHPLC-MSMS. The
values mpresent the mean + standard deviation obtained for six technical replicates prepamd and analyzed separatehy.
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234 Matrix Effect

The matrix effect (ME] is a known factor in the M5 analysis of samples of biological origin, which
causes changes in the ionization efficiency of the analyte in the fon source due to the presence of
interfering substances originating from the biological matrix of the sample [17]. ME is manifested
by the detection of less analytes than is actually the case, which significantly afiects the results of
quantitative analysis. For this reason, the study of ME was included in this work. ME is of great
importance, especially in the determination of substances occurring in trace amounts, but it is also
observed for more abundant substances that belong to the group of secondary metabolites of plants,
including substances of alkaloid character The aim of the experiment was to determine the optimal
weight of biological material {plant tissue) for the determination of these substances, ie., to find out
what the optimal amount of tissue is leading to the maximal response of individual MIAs in LC-MS
analysis that would be affected by inferfering substances from the tissue (matrix) to a minimal exfent
The comparison of alkaloid and chemical background levels, an experiment with different weights of
plant sample, was performed on a commercially available extract of Pausinystalia yohimbe, for which
the presence of MlAs, espedally yohimbine and ajmalicine, is well-described in the literature [15].
Samples were extracted and purified using the one-step SPE-based procedure described in Section 4.3,
The presence of yohimbine and ajmalicine was then confirmed by analysis using our newly developed
UHPLC-MS5MS method (Section 4.4.), while harmine was also detected; harmaline was not detected
in this plant tissue. The highest concentration of all monitored substances was reached by yohimbine,
whose levels were found at the level of ug-mg" dry weight (W), while the two other alkaloids
detected were present at pg-mg ! IW level, i.e., about a thousand times less abundant (Table 3).

Table 3. Levels of monitored mdole alkalomds m pohimbe bark extract determoned by UHPLC-MS/MS.

Sample Weight Harmaline Harmine Yohimbine Ajmalicine
(mg) (pg-mg) pg-mg™) (ug-mg") (pg-mg)

5 ND 3234 +3.69 520 1 063 346+ 092

10 ND 2593 £279 401 £ 0.34 746124

15 ND 1359 £ 311 3N £03% 1051 + 1.28

NI, not detecied; vahses mpresent mean + standard deviation of six independent measurements.

The effect of the matrix on alkaloid level was observed for harmine and yohimbine, where their
amount decreased with increasing sample weight. However, for ajmalicine, the found trend was the
opposite (Table 1). The recovery for stable isotopically labelled yohimbine ranged from 67.62%. for
the 5 mg DW of the biological sample to 50.53%: for the 15 mg DW, and clearly represented the ME
phenomenon (Figure 4).

120,00

S ITT]

n biol, matrix.  Smg DW | 10 mg DW 15 mg DWW

Recovery [%]

99.38 % GTEE T 537N 50.53 %

Figure 4. Demonstration of matnix effect—dependence of tecovery of mm}'l-uc, Dy ohumbne on
biclogical hssue (yohimbe bark) amount. Dataferror bars represent meanystandard deviation of three
independent determinations.
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Themfom, these experiments showed that the optimal amount of the sample for MLA analysis
in vohimbe bark was 1-5 mg DW. As shown in Table 1, using 5 mg sample weight, the content of
yohimbine was determined to be 5.29 £ (.63 ug-mg'l DW ((0.53% + L06%) in this commercially available
sample of yohimbine bark. However, this was not in agreement with the information of the supplier of
this product that declared yohimbine content to be 200 (see Section 4.1). In fact, yohimbine content
was actually 40 times lower than that stated by the supplier of this food supplement, which might
qualify as fraudulent misrepresentation.

The matrix effect can be further presented in the form of a matrix factor (MF), which is a quantity
calculated as the ratio of peak area response for each analyte in the presence of the plant matrix ions
and peak area response in the absence of matrix multiplied by 100, To study this effect typical for
the samples of biological origin, the standard mixture of MLAs (125 pmol each) was added to pure
extraction solvent (60% agueous MeOH, 00 containing 0.25% of NHyOH) and to the extracts of a fresh
tobacco tissue ($th leaf) weighing 5 mg, 10 mg and 15 mg FW after SPE process. Having established
a new method for MIA analysis, we tested the extent to which the plant matrix from our samples
suppressed the MS signals of interest. The data are summarized in Table 4 and confirm that the
strongest matrix effect can be observed for the 15 mg FW (MF mean ~ 61.1%), while about one-third
lower ME was found for 5 mg FW samples (MF ~ 81.1%),

Table 4. The effect of plant matrx on wnzabon efficency of mdole alkaloids in fresh hasue of tobacco.

Matrix Factor (%)
Sample Weight {mg)

Harmaline Harmine Yohimbine Ajmalicime
5 T6.57 £ 0.50 8555 + 0.16 9405 1.3 96.27 + 1.12
10 69.20 + 0.33 8270 + 0.30 7474 £ 0. 69.27 + 0.50
15 58.68 + 046 7051021 6345 = 1.06 4975+ 048

Tl'h:valu:::r\epnucnt mean + standard deviation of six independent measumments.

2.4 MIA Determination in Tobbaco

To accurately determine the distribution of individual substances of interest in different types
of tobacco tissue, the seeds of Nicotiana tabacum, ecotype SR1 (wild type), were sown and grown
for 30 days; after that, the plant was divided into 10 parts according to the scheme described in
Section 4.1. Analysis of individual tissue ty pes revealed that the highest content of all four monitored
substances was of yohimbine, which represented 89.6% of the total amount of all detected indole
alkaloids (Figure 5).

150,00

B flowers
= 1om e
[
- W roots
g

Edih hea
m SO0 th keat
.E,- W ik leaf
-
8 W7ih beaf
= HLD
2 anth beaff
=  5th leaf
= 1000
= . B dth lead

- Tat - 3ed loaf
o -
harmaline harmine yohimbing ajmalicime

Figure 5. Dstribubon of mdwidual indole alkalods m 30-day-old Nicotiana tabacum plant. Datafeccor
bars represent mean/standard deviation of three independent delermanations.
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The richest source of yohimbine was found to be a stem of tobacco plant, where its level reached

20.28 pg:mg ™' FW (Table 5). Conversely, the poorest sources of this substance were found to be the
youngest leaves of the plant (7.76 pg-mg™! FW; Table 5).

Table 5 Levels of indole alkaloids in 30-day-old Nicotiana tabacum plant.

Alkaloid Content (pg-mg™)

Tissue
Harmaline Harmi Yohimbi Ajmalicine
Flowers 0.45 +0.04 053011 1440 + 168 0.0062 + 0.0011
18t-3rd leaf 0.38 + 0.05 044015 776111 0.0111 £ 0.0010
4th leaf 0.25 +0.09 0.59 £0.02 10.02 + 136 0.0047 + 0.0008
5th leaf 041 £0.11 076 £0.09 1238 + 133 0.0135 + 0.0002
bth leaf 0.36 +0.05 070+0.10 11.30 + 161 0.0065 + 0.0015
7th leaf 0.19 + 0.02 0.89 £ 0.04 1465 + 1.09 0.0080 + 0.0016
Sth leaf 0.23 +0.06 0.07 £0.02 9532072 0.0067 + 0.0007
9th leaf 023 +0.07 0.09 001 1412+ 171 0.0048 + 0.0011
Sem 0.23 +0.07 0.07 £0.01 2028 +1.22 0.0090 + 0.0022
Roots ND 0.07 £0.02 B.04+ 107 0.0056 + 0.0021
ND, not d d; values rep mean £ dard deviation of three independent

When we focused on the two structural analogs harmine and harmaline, their total content in this
plantwas, on average, 1 pg-mg ! FW from flowers to the 7th leaf; then, their total content decreased to
0.32 pg-mg ! FW in the oldest leaves, stems, and roots of the plant, respectively (Figure 6). The lowest
levels were found for ajmalicine, which made up only about 1% of the total content of harmine and
harmaline. While the content of harmine increased with the age of the plant’s leaves (from the apical
part of the plant to the 7th leaf), the trend for harmaline was the opposite, while none was detected in
the roots. The ratio of harmine to harmaline basipetally increased from 1.1 in the apical part of the

plant to the 7th leaf, where their ratio reached 4.7. In the oldest leaves (8th and 9th) and plant stem,
it dropped rapidly to 0.4 (Figure 6).

100
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Figure 6. Graph of harmaline and harmine content in different tissue ty pes of 30-day-old Nicotiana
tabacum. Datajerror bars represent mean/standard deviation of three independent determinations.

2.5. Determination of MIAs in Tribulus terrestris

Tribulus terresiris is a plant in traditional Chinese medicine that is well known for its myriad
effects on human health. According to the available literature, it also contains a number of alkaloids,
including harmine, harmaline [19], harmane, and norharmane [20]. The content of the two other
alkaloids studied in this work was not found in the available literature sources. For quantitation of
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MIAs using the new UHPLC-MS/MS method, samples of T. tarestris wemne used originating from
different countries, and in different compositions of seeds, stems, and other parts of the plant, supplied
by Conneco Co., as described in detail in Section 4.1. Analysis showed that the content of harmine
and harmaline, when compared to harmane, was at a very low level in the Tribulus tissue (Table 6),
while harmine was not detected in the Tribulus sample originating from Bulgaria and in the sample from
China containing only burrs. Furthermore, the Tritulus samples were found to contain relatively high
levels of yohimbine, and, regardless of the country of origin and composition of the sample, its average
content was about 50 pg-mg ! DW, which was the highest level of all indole alkaloids monitored in
this type of observed sample. No ajmalicine was detected by this method in Trilulus samples.

Table 6. Indole alkalodd levels m Trildes terest ris.

Alkaloid Content ipg-mg ')

Tissue -
Harmaline Harmine Yohimbine Ajmalicime
Burrs + stems (Bulgaria) 012 £ 0005 ND 36142235 ND
Whole plant (China) 0004 + 0002 176+ 018 6274 = 5.02 ND
Burrs only (China) 0004 £ 0.001 ND 432 = 0.7 ND
Flower, burrs (Indaa) 0005 £ 0.001 0.21 + 0.05 R7.59 £ 2.15 ND

NI, not detected; values represent mean = standard deviation of three independent measurements.

2.6. MIA Determination in Peganum harmala Seeds

As is described in the literature, Peganum harmala, similarly to Tribulus terrestris, is a very
welkknown plant in traditional East Asian medicine (eastern Iran, western India). For the purposes of
this study, seed samples were commerdially obtained (see Section 4.1). Companies that are allowed
to supply them to the European Union (EU) market must declare that they are only intended for
agricultural purposes, as they cannot be imported as food supplements according to European Union
regulations. Reportedly, P harmala seeds contain 25% to 4% of a mixture of harmala alkaloids [21],
which are characterized by many pharmacological effects, including hallucinogenic effects [22], but also
antitumor [23], antimicrobial, or vasorelaxant properties [24]. Analysis using the newly developed
UHPLC-M5MS method revealed that harmala seeds do contain all studied MIAs, with the highest
content for harmine (1097 ng-mg~! W), followed by harmaline (20 ngmg™ DW), and the lowest for
yohimbine and ajmalicine (Table 7).

Table 7. Indole alkaloid levels in Pegomom hamala seeds.

Alkaloid content (pg-mg)
Harmaline Harmane Yohirmbine Ajmalicine
1976 + 044 196.67 + 1477 7.25+083 0.24 =0.03

3. Discussion

Alkaloids are the constituents of plant (and, less often, animal or fungal} cells. With regard to
their efficient extraction and subsequent precise analysis, it is important to have sound know ledge
of the chemical and analytical principles underlying these processes. First, homogenization of plant
tissue prior to extraction is necessary for breaking cell walls in tissue [25]. This action allows for the
substances present inside the cell to migrate to an appropriate extraction solvent. It is most often
completed by grinding or by ultrasonic devices [5,26]. In our method, milligram amounts of plant
material were homogenized in plastic safe-locked microtubes with a selected extraction solvent and
chemically/mechanically resistant zirconium wide beads for an appropriate time at a selected frequency:
This approach was also successfully applied for sample preparation in ultra-trace analysis of other
substances of plant origin, and gives highly repeatable and reproducible results [27,28]. Analyte losses
that usually occur during the sample purification procedure can be accounted for by adding internal
standards (usually labelled with stable isotopes) to the plant extracts. In addition, this procedure allows
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a measum of percentage recovery of the target metabolites throughout the purification procedure.
Although recovery markers should ideally be included for every analyte that is being quantified,
only one internal standard (rnethjrl-mc, D-yohimbine) was used for the determination of the four
substances in this study. This procedure was chosen because there was a minimal risk of errors in
the determination of the thmee other compounds due to the dissimilarity of their chemical natume.
Conditions for the optimal extraction of MIAs were provided by the choice of a sobvent with a chemical
character similar to the chemical nature of the analyzed substances. Although pure organic solvents
such as methanol and ethanol are often commonly used [14,26], the extraction efficiency for compounds
with a basic character could be significantly increased by the addition of a basic component to an
extraction solution [29]. For this purpose, we added NHyOH that met compatibility requirements with
M5 detection, ie., it is volatile, does not reduce the signal of the analytes, and does not contaminate the
inmer part of the quadrupole-based M5 analyzer. In order to reduce levels of interfering compounds
in highly complex plant extracts, liquid-liquid and/or SPE is a first choice. To ensure high sample
throughput and high reproducibility of the method, as well as to reduce the consumption of chemical
agents, we used the SPE approach with a sufficdent bed size of the mixed-mode sorbent, giving
satisfactory mecovery and a relatively low volume of cartridge. Momeover, mixed-mode SPE columns
packed with a mixture of two types of sorbent allowed us to reduce the number of required purification
steps due to more than one separation mechanism that could be exploited using a single column while
maintaining high sample-clean-up efficiency. With regard to advanced analytical methods applied for
MIA detection and quantitation in samples of plant origin, micellar electrokinetic chromatography
(MEEKC) [19], high performance liquid chromatography (HPLC) [5,8,15,30], high performance thin
layer chromatography (HFTLC) [31], direct analysis in real-time mass spectrometry (DART-MS) [7].
and LC-M5MS [18,26] have been reported to date. Among many available sophisticated instruments,
LC-MS5MS offers many advantages in the analvsis of these types of compounds mainly due to its
separation efficiency and sensitivity, and it was also employed in this study A comparison of newly
developed method parameters with those that were earlier published in regard mainly to the limit of
detection and amount of tissue needed for analysis is summarized in Table 8. Unlike commonly used
Cg [26] or Cyg [5] stationary phase columns, an LC sorbent modified with phenyl-hexyl groups was
shown to be highly efficient for the separation of MIAs as polycyclic compounds.

Table 8. The comparison of different methods used for the determination of indole alkaloads.

Imm“"'&":;m "“"""‘“Tl“f Type of Tisswe Limit af Dietection Fote ence Fﬁa{:::;
UHFLC(+) ES- M MS S g whaoke plant 23] g msthid panssnbind 4lAs
HPLCTY na whake pland 7756 gt M 214
HPLC UV alg paals &8 ppranl 1 141 3lAe
HPLTLC na S rrY [13] 4lAs
HPLCUTY 1 seds L0108 el -1 114] 214s
HPLCATY na el caslbune s 115 2 IAs
UPLC TM-OTOF-MS * alg yobimbe bark na [18] 55 IAs
MEKCLIV/LIF fa L i 115 blAs
HPLC-(+ESHOTOE-MSMS 50 rools fa [ &l
HPLCANEMS [iL. 13 aphuodisis: products B-EJnEmL" 24 yohimbine
HPLC-UTY g [ B3 sl (204 5TAs
HPLCUTY ™ reuks s BT EIAs

* wltra-performance liquid chromatography/ion mobility quadrupole time-of-flight mass spectrometry; LIE
laser-indueed fluomsenoe; [As, indole alkaloids; n.a, not available.

4. Materials and Methods

4.1. Plant Materials

The following plant materials were used for this study: (1) Yohimbe bark extract (Pausinystalia
joftimbe) with declared yohimbine content of 20% (country of origin: not specified, Africa), purchased
from Herbal Store, Czech Republic (www.herbal-store.cz). (2) Fresh tobacco tissue (Nicotiana tabacum
ov. Petit Havana 5R1, wild type), with plants grown in the soil of a campus greenhouse of the Centre
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of the Region Hana for Biotechnological and A gricultural Research, harvested after 30 days of growing
under natural conditions, and divided into 10 individual samples, as shown in Figure 7. Samples were
immediately frozen in liquid nitrogen and stored in a freezer at —80 °C until extraction and analysis.
(3) Tribulus terrestris: dry tissue of different types and different country of origin (Figure 8}—burrs
(Figure 9) and stems (Bulgaria); stems, whole plants and burrs (China); flowers and burrs (India}—all
provided by Conneco Chemicals Ltd. (4) Seeds of Peganum harmala (country of origin: Mexico),
purchased from Botanico Ltd., Czech Republic (www.botanico.cz).

Figure 7. Thirty-day-old tobacco plant. Scheme of plant division into individual parts according to
type and age of tissue before extraction and analysis by LC-MS§MS.

Figure 8. Photo of dry Tribulus terrestris issue provided by Conneco Chemicals Ltd. and used in this
study. (A) T. terrestris burss including flowers; origin: India. (B) Dried whole plant of T. terrestris
excduding burrs; onigin: Chma. (C) T. ferrestris busrs including stems; ongin: Bulgana (D) Dried whole
plant of T tarrestris mcluding busrs; origin: China.
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Jo 5

Figure 9. Detanled photo of Trillus terrestris burrs used i thas study.

4.2, Chemicals

Indole alkaloids (harmine, CAS 442-51-3; harmaline, CAS 304-21-2; vohimbine, CAS 146-48-5;

and ajmalicine, CAS 483-04-5) weme obtained from Sigma Aldrich (Steinheim, Germany) at = 95% or
higher purity. Stabile isotope-labelled standard of methyl-1C, Dy-yohimbine (CAS 1261254-50-4) was
purchased for the purpose of quantitation from Sigma Aldrich, Germany. Formic acid (EA ), aqueous
ammuonia solution (25%, g7), ammonium bicarbonate, ammonium acetate, methanol (MeOH, HPLC
grade), and acetonitrile (ACN, HFLC grade) were purchased from Merck (Darmstadt, Germany).
Deionized (Milli-l}) water obtained from a Simp]icit_',"ﬂ' UV Water Purification System (Darmstadt,
Germany) was used to prepare all aqueous solutions. All other chemicals (analytical grade or higher

purity} were from Biosolve Chimie (Dieuze, France).
4.3, Extraction and Isolation Procedure

Aliquots of 5 to 15 mg fresh or dry weight (FW, DW) of plant tissue were weighed into 2 mL
Eppendorf tubes and 1 mL of 60% MeOH containing 0.25% NHyOH as an extraction solution, and 2 mm
ceria stabilized zirconium oxide beads (Mext Advance Inc, Averill Park, NY, USA) was added for
further homogenization using an MM 40 vibration mill at a frequency of 27 Hz for 3 min (Retsch
GmbH & Co. KG, Haan, Germany). For quantitative analysis, an internal standard solution containing
125 pmol of |'riet|'t_r,r1—L3'CJ Dy ohimbine was also added to the samples. Samples were extracted for
20 min in a DT 510 ultrasonic bath (Bandelin GmbH & Co. KG, Berlin, Germany). Homogenates
were then centrifuged (36, 670 g, 10 min, 4 *C; Beckman Avanti™ 30); supematants were placed into
a clean borosilicate glass test tube and evaporated to dryness at 37 “C using nitrogen evaporator
Turbm'ap@' (Biotage, Sweden). After that, the dried sample residues were reconstructed in 60% MeOH
containing 2% FA, and subsequently purified using a Visiprep™ solid phase extraction (SPE) vacuum
manifold (Supelnu@, Bellefomte, PA, USA) and mixed-mode polymer-based cation-exchange cartridges
{Bond Elut Plexa PCX, 60 mg'3 mL, Agilent Technologies, Santa Clara, CA, USA), activated with 100%
MeOH and equilibrated with 60% MeOH + 2% FA before sample loading. After washing the cartridge
with 1007 MeOH, MIA elution was performed with a solution consisting of 60%: MeOH with 5% of
MNHyOH. The elution fraction was evaporated to dryness invacuo (Centri"rfap“?" acid-resistant benchtop
concentrator, Labconco Corp., Kansas City, MO, USA).

4.4 Indole Alkaloid Analysis by Ultra-High Performance Liguid Chromatography-Tadem Mass Spectrometry
(UHPLC-MSMS)

An Acquity UPLC™ system (Waters, Milford, MA, USA) consisting of binary solvent manager
and sample manager modules coupled to a Xevo® TOMS triple-stage quadrupole mass spectrometer
(Waters M5 Technologies, Manchester, UK) equipped with an electrospray (ESI) interface and collision
cell, Scan Wave, was utilized for MLA quantitation. The entire LC-M5MS system was controlled by
Masshnx™ software (version 4.1, Waters, Manchester, UK). After purification by PFOX SPE cartridges,
dried samples wemr reconstituted in 50 pul. of 1004 MeOH; then, 2 uL. of each sample was injected
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onto a reversed-phase UHPLC column (Acquity CSH™ Phenyl-Hexyl, 2.1 3 50 mm, 1.7 pum, 130 A
Waters) coupled to the FSF-MSMS system. MIAs were analyzed in positive ion mode as [M+H]J*.
MIAs of interest were separated (Figure 3) by a linear gradient of ACMN (A) and 10 mM ammonium
acetate, pH 10.0 adjusted by aquecus ammeonia solution (B) at a flow rate of (.3 mL-min™!, 0~1 min,
370 (AB, 70)—15 min, 100:0 {A:B}—15-16 min, 10(0:0 {A:B). Under these conditions, the substances of
interest were eluted within 5 min. Lastly, the column was washed with 100% ACN for 1.5 min and
re-equilibrated to initial conditions (3(:70 A:B, o) for 1.5 min. See Table ¢ for the refention times of the
studied MIAs. The thermostat of the column was programmed to 40 °C, and the temperature inside
the autosampler was maintained at 4 *C. Capillary voltage, cone voltage, collision cell energy, and
ion source temperatures were optimized for each individual compound using the same setup. Mass
spectrometer settings were as follows: capillary voltage, (L5 kV; cone voltage, 40 V; source temperature,
100 °C; desolvation gas temperature, 350 °C; cone gas flow, 70 Lh7Y, desolvation gas flow (nitrogen), 500
L-h~Y; and collision gas flow {argon), 0.15 L h~L. The dwell time of each multiple-reaction-monitoring
{MEM) channel was calculated to provide 16 scan points per peak with an inter channel delay of 0.1
M5 data were recorded in MEM mode (Table 9). All data were processed using MassLymx™ software
{ver. 4.1, Waters).

Table 9. Optimized MS condibions for detechon of each studied indole alkaload.

] Cume Cellision Come Cullisien
Cumpund KT dmisi MEM () Viltag (V) Ememgy V) MEM T} Vallage 1 Ersrg (V1
Harmmalim: 13 T4 = 15989 o 5 21489 » 17211 a0 n
Harmin: 216 M 100 ] 5 21294 » 16984 40 k1]
“Fuhimbsim: 258 IES R - 14182 ] ] IEE2 = F11.90 a0 =
Micthy b 0 - Yokasibine 1% 525 » 14154 1] £ 5505 » FIAIE 4 ]
Ajinalicin i [EACTERFIT. o o 5 15154 = 17791 a0 =

ET, retention time; MEM (0, multiple meaction monitoring transition for compound quantitation; MEM (C),
multiple-maction-monitoring transition for confirmation af:nmpmmd identify.

5. Conclusions

This work forused on the development of a new microscale method for the extraction,
preconcentration, and determination of harmine, harmaline, ajmalicine, and yohimbine, which
are indole alkaloids with sympatholytic activity derived from the trv ptophan amino acid in plant
tissue. We chose 60% MeOH containing (. 25% MH3OH as a suitable solvent for the extraction of
these substanoes from plant tissue. Solid phase extraction based on a mixed-mode sorbent with
strong cation-exchange properties proved to be suitable for the preconcentration of natural substances
exhibiting basic and relatively hydrophobic character. Furthermore, we developed a new and
reliable UHPLC-MS/MS-based high-throughput method for profiling the selected indole alkaloids.
The applicability of the method was demonstrated for tobacco and Tribulus ferresiris plant tissue, seeds
of Peganum harmala, and extract from the bark of Pausinystalia fohinbe. Fxperimentally obtained data
on the occurrence of individual alkaloids in the given tissue were in agreement with the available
literature, except for the presence of ajmalicine and yohimbine in Tribulis ferrestris, which was detected
in this plant species for the first time.
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