Plant Cell Tiss Organ Cult (2017) 131:459-470
DOI 10.1007/s11240-017-1297-1

CrossMark

@

ORIGINAL ARTICLE

A simple and efficient method for analysis of plant growth
regulators: a new tool in the chest to combat recalcitrance in plant

tissue culture

Lauren A. E. Erland’
Praveen K. Saxena!

- Mukund R. Shukla! - W. Broc Glover! -

Received: 15 March 2017 / Accepted: 10 August 2017 / Published online: 18 August 2017

© Springer Science+Business Media B.V. 2017

Abstract This report presents a simple, rapid and
accessible validated method for quantification of eight
major plant growth regulators (PGR): cytokinins (6-(y,y-
dimethylallylamino)purine (2-iP), benzylaminopurine (BA)
and zeatin), auxin (indole-3-acetic acid; [AA), jasmonic acid
(JA), salicylic acid (SA), gibberellic acid (GA3) and abscisic
acid (ABA) by liquid chromatography mass spectrometry.
This method was tested in eight species including agricul-
tural, ornamental and medicinal species: St. John’s wort,
African violet, banana, American elm, tobacco, potato,
sweet wormwood, and fennel. The method has good repro-
ducibility and good sensitivity with %RSD (percent rela-
tive standard deviation) between 1 and 10% for all matrices
and recovery values of 89 to 118% for all analytes. Method
detection limits were 50.65 ng/g, 203.4 ng/g, 50.65, ng/g,
50.65 ng/g, 203.4 ng/g, 12.7 ng/g, 193 pg/g and 3.08 ng/g,
for SA, TAA, zeatin, JA, GA3, ABA, 2-iP, and BA, respec-
tively. Our results with a range of plant species show that
this method represents a simple, low-cost method for analy-
sis of PGRs, and may also serve as an useful starting point
for the analysis of other related PGRs, as demonstrated by
inclusion of the SA derivative, acetylsalicylic acid, and the
JA derivatives: 12-oxo-phytodienoic acid and JA-isoleucine.
The efficiency of this method will enable its incorporation
into the plant tissue culture work flow and through character-
ization of endogenous PGR levels, will allow for improved
method development for recalcitrant species facilitating
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Abbreviations

ABA  Abscisic acid

ASA Acetylsalicylic acid

BA 6-Benzylaminopurine

2,4-D  2.,4-Dichlorophenoxyacetic acid
GA3 Gibberellic acid

T1AA Indole-3-acetic acid

2-iP 6-(y,y-dimethylallylamino)purine
JA Jasmonic acid

JA-Ile  Jasmonic acid isoleucine

MeOH Methanol

MS Mass spectrometry

OPDA  12-Oxo-phytodienoic acid

PCIB  p-Chlorophenoxyisobutyric acid
PGR Plant growth regulator

%RSD  Percent relative standard deviation

SA Salicylic acid
SIR Single ion recording

SIW St. John’s wort

SLV Single lab validation

TIBA  2,3,5-Triiodobenzoic acid

TDZ Thidiazuron

UPLC  Ultra-performance liquid chromatography
Introduction

Plant growth regulators are important biomolecules in plants
which exist at low concentrations and act as important
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signalling compounds mediating almost all plant processes.
They are important in not only day to day physiological
functions, adaptations, growth and development processes,
but may respond in specialized manners to developmen-
tal or stress related cues. Auxins represent the dominant
class, and to date the major active endogenous auxin has
been identified as: indole-3-acetic acid (IAA). Auxins have
been identified to play important roles in almost all plant
processes, though are best recognized for the roles they
play in apical dominance, phototropism and root growth
(Enders and Strader 2015). Cytokinins including 6-(y,y-
dimethylallylamino)purine (2-iP), benzylaminopurine (BA)
and zeatin often act in close relation to auxins to mediate
growth patterning (Moubayidin et al. 2009; Werner and
Schmiilling 2009). In particular, the balance between these
two compounds was identified in the late 1950s as an impor-
tant determinant of plant growth outcomes in in vitro plant
culture, with cytokinins promoting shoot and lateral bud
growth (Skoog and Miller 1957). Gibberellins, first identi-
fied from a fungi, are best recognized for their roles in shoot
elongation and germination and gibberellic acid 3 (GA3) is
the primary gibberellin utilized in vitro and in exogenous
treatment of plants (Gantait et al. 2015). Salicylic (SA),
jasmonic (JA) and abscisic acid (ABA) all play more spe-
cialized roles in plants being involved in many plant stress
responses and their actions are often antagonistic or syn-
ergistic, particularly between SA and JA (Holopainen and
Blande 2012; Huang et al. 2012; Sherif et al. 2014; Song
et al. 2014).

The amount and location of plant growth regulators
within a given plant are critical in determining the growth
and developmental outcomes of a plant in vitro and in vivo
(Enders and Strader 2015; Gantait et al. 2015; Moubayidin
et al. 2009; Werner and Schmiilling 2009). Thus, identifica-
tion of the quantities of these compounds in a given system
which is being studied can allow for explanation of observed
processes as well as providing information on how best to
proceed with further studies. In the case of endogenous
auxin, successful regeneration of plant species in vitro is
dependent on the correct balance of auxin to other PGRs,
particularly cytokinins. Therefore in plants which possess
high levels of endogenous auxin, it is sometimes neces-
sary to include an auxin transport or action inhibitor such
as TIBA (2,3,5-triiodobenzoic acid) or PCIB (p-chlorophe-
noxyisobutyric acid), respectively (Skoog and Miller 1957;
Shukla et al. 2012; Jones et al. 2014). Oftentimes the neces-
sity for inclusion of these compounds is not identified until
after several unsuccessful attempts at establishing in vitro
cultures, which may span over months and cost significant
financial resources. By first quantifying the endogenous lev-
els in these tissues, researchers would eliminate these costly
studies by affording the investigator the insight to include
appropriate combinations of growth regulators as well as
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their inhibitors from the outset. Further, structurally very
different compounds such as a cotton defoliant (thidiazuron;
TDZ), herbicides (2,4-dichlorophenoxyacetic acid; 2,4-D),
growth retardants and stimulators e.g. paclobutrazol and
brassinolide and many other unclassified compounds have
been identified to possess plant growth-regulating properties
which may be mediated by endogenous levels of plant hor-
mones. This is particularly important for regenerating tissues
that are induced with brief exposure to inductive stimulus
such as TDZ or 2,4-D, and those for which organogenesis
occurs on a hormone-free medium (Sanago et al. 1995; Mur-
thy et al. 1998, 2008; Li et al. 2000; Murch and Saxena
2001; Mithila et al. 2003; Kaur and Kothari 2004).

In particular, the endogenous concentrations of phytohor-
mones could be a valuable tool in the tissue culture kit when
approaching the problem of culturing recalcitrant species.
Recalcitrant species are species which, for a variety of often
poorly understood factors, are resistant to establishment of
in vitro tissue cultures. This represents a significant commer-
cial and scientific problem as it hinders both investigation
of the system and propagation of the plants and serves as a
barrier to application of technologies such as mass multi-
plication or cryopreservation. Recalcitrance is, therefore, an
issue for which many approaches have been taken, but which
generally involve large multi-factorial studies using different
application rates of a diversity of plant growth regulators,
most commonly: auxins, cytokinins, and gibberellins, use
of antioxidants to combat browning, desiccation and choice
of varying age, tissue type or growth conditions of source
materials among others (Cutler et al. 1989; Pliego-Alfaro
et al. 1996; Hewezi et al. 2003; Assani et al. 2006; Mundhara
and Rashid 2006; Bonga et al. 2010; Xu et al. 2013; Nguyen
et al. 2016).

Analytical methods for individual classes or several
classes of PGRs are available in the literature, however,
often they require complex extraction methods requiring dif-
ferent extraction solvents and procedures for different com-
pounds, some of which may involve hazardous solvents such
as trifluoroacetic acid or ethers, or time consuming steps
such as solid phase extractions or derivatization (Pan et al.
2010; Li et al. 2015; Cai et al. 2015). Additionally, these
methods often put an emphasis on the use of highly special-
ized and complex instruments such as triple-quadrupole or
time of flight systems, which represent valuable sources of
in-depth chemical information or extremely high sensitivity,
but which may not be readily accessible or practical for use
in many laboratories without the pre-existing expertise or
funds available for outsourcing of chemical analysis.

As method development from scratch can be an extremely
laborious and time-consuming processes, requiring a
researcher with the appropriate background, it is often advis-
able to start with a standardized method and modify the pro-
tocol as required for the given sample and desired analytes.
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Another common difficulty in quantification of any analyte,
however, is assessing the quality of a published method. Sin-
gle lab validations (SLVs) as presented in this paper, provide
a level of confidence for the end user in the chosen method,
and eliminate the need for the end user to undergo further
in depth analytical analysis to assure that the method is fit
for purpose, that is, suitable for the system in which the
researcher is working, namely plants (Betz et al. 2011).
Unfortunately, due to the complexity of analytical tech-
niques and often high equipment start-up costs, quantifica-
tion of PGRs in vitro is often not an option for many plant
tissue culture and plant physiology labs. This paper presents
an efficient method for plant growth regulator analysis which
does not require in-depth analytical chemical expertise, can
be performed on a relatively simple and low-cost analytical
platform (Bu et al. 2016), and which does not require the use
of particularly hazardous chemicals. This method provides a
new approach for investigation and establishment of in vitro
plant cell and tissue cultures of recalcitrant species and is
complimentary to existing tissue culture approaches.

Materials and methods
Study materials

Eight species and three sample types (root, shoot and seed)
were utilized for validation for a total of 12 matrices: St.
John’s wort (Hypericum perforatum L.. STW) roots and
shoots, banana (Musa sp.) roots and shoot, African violet
(Saintpaulia ionantha Wendl.) shoots, potato (Solanum
tuberosum L. cv ‘Shepady’) shoots, sweet wormwood (Arte-
misia annua L.; Artemisia) shoots and roots, tobacco (Nico-
tiana tabacum L.) shoots and roots, American elm (Ulmus
americana L.) shoots, and fennel (Foeniculum vulgare Mill.)
seeds. Shoots consisted of both stems and leaves. Fennel
seeds were purchased from a local supermarket in Guelph,
Ontario, and all other samples were taken from in vitro
grown plantlets obtained from the in vitro germplasm collec-
tion at the Gosling Research Institute for the Plant Preserva-
tion (GRIPP), University of Guelph, and cultures maintained
at 26 °C under a 16 h photoperiod.

Design of method validation

Accuracy of the method was evaluated by spiking sam-
ples with a known amount of each analyte to each matrix
(Table 1). The method was then utilized to determine the
quantity of the spike after subtracting endogenous con-
centrations of each analyte in the matrix and this value
was then compared to the expected value. Precision was
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Table 1 Low and high spike concentrations for analytes

Analyte Low spike concentration High spike

(ug/mL) concentration
(ug/mL)

SA 0.5 5

TIAA 0.5 5

JA 0.5 5

ABA 0.5 5

GA3 0.5 5

Zeatin 0.05 0.5

BA 0.05 0.5

2-iP 0.05 0.5

ABA abscisic acid, BA benzylaminopurine, GA3 gibberellic acid, JAA
indole-3-acetic acid, 2-iP 6-(y,y-dimethylallylamino)purine, JA jas-
monic acid, SA salicylic acid

evaluated by calculating the relative standard deviation
for all measurements for a particular matrix and analyte
at each concentration. No fewer than nine determinations
were made on three different days, with no less than 2 days
separating each set of samples. Accuracy and precision
were evaluated across the entire study to ensure method
robustness across different days.

Instrument and method limit of detection and limits
of quantification were determined according to accepted
practices (AOAC 2013, Bliesner 2005), with the limit of
detection set to a signal-to-noise ratio of 3:1, and the lower
limit of quantitation set to a signal-to-noise of 10:1.

Sample preparation

Approximately 150 mg of each tissue sample was ground
in liquid nitrogen and suspended in 0.5 mL of extraction
solvent composed of 50% methanol (MS Grade, Fisher
Scientific, Canada; MeOH) and 4% acetic acid (glacial,
Fisher Scientific, Canada) in Milli-Q water. Samples were
then sonicated for 15 min on ice and spun down (2 min,
13,000 rpm) and, supernatant removed. Supernatant was
then filtered through a 0.45 pum centrifuge filter (Millipore;
1 min, 13,000 rpm) and the flow through was diluted ten
times in 10 mM ammonium acetate adjusted to pH 9 with
ammonium hydroxide (Sigma Aldrich, Canada). Prior to
analysis samples were either left unspiked or spiked with
a high or low concentration of mixed standard (concentra-
tions of spikes are given in Table 1). All standards, except
jasmonic acid isoleucine (JA-Ile) and 12-oxo-phytodienoic
acid (OPDA) were analytical grade and purchased from
Sigma Aldrich, Canada. Standards for JA-Ile and OPDA
were purchased from ChemIm Ltd (Olomouc, Czech
Republic). Structures of all analytes are given in Fig. 1.
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Fig. 1 Structures of analytes examined, including their derivatives
which were added to the method after validation. ABA abscisic acid,
ASA acetyl salicylic acid, BA benzylaminopurine, GA3 gibberellic
acid, IAA indole-3-acetic acid, 2-iP 6-(y,y-dimethylallylamino)purine,

Detection and quantification

For quantification of samples by LC-MS, 3 uL of sample was
injected onto a Waters Acquity BEH Column (2.1 X 50 mm,
i.d. 2.1 mm, 1.7 um) on a Waters Acquity Classic ultra-
performance liquid chromatography (UPLC) system with
detection using an Aquity QDa single quadrupole mass spec-
trometer (MS) controlled by Empower 3 (Waters, Canada).
Samples were run on a gradient with A—10 mM ammonium
acetate pH 9, adjusted with ammonium hydroxide; B—100%
MeOH with initial conditions of 95% A 5% B increased
to 5% A 95% B over 4.5 min using a curve of 8. Column
temperature was 40 °C and flow rate was 0.5 mL/min. Com-
pounds were monitored in single ion recording (SIR) mode
and quantified used standard curves (see Table 2 for MS
parameters). In all cases capillary voltage was 0.8 kV, and
probe temperature was 500 °C with a gain of five.
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JA jasmonic acid, JA-Ile jasmonic acid isoleucine, OPDA 12-oxophy-
todienoic acid, SA salicyclic acid [created using Keynote (Apple) and
Chem Draw v15 (Perkin Elmer)]

Table 2 Summary of mass to charge ratios (m/z) and ionization
mode utilized for quantification of analytes in single ion reaction
(SIR) mode

Analyte m/z Ionization mode Cone
voltage
%)
SA 137 ESI- 10
TIAA 176 ESI+ 10
JA 209 ESI- 15
ABA 265 ESI+ 10
GA3 345 ESI- 15
Zeatin 220 ESI+ 15
BA 226 ESI+ 15
2-iP 204 ESI+ 15

ABA abscisic acid, BA benzylaminopurine, GA3 gibberellic acid, JAA
indole-3-acetic acid, 2-iP 6-(y,y-dimethylallylamino)purine, JA jas-
monic acid, SA salicylic acid
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Statistical analysis

All samples were prepared and analyzed in triplicate and
percent relative standard deviations (%RSD) was calculated
using samples run on at least three separate days, which were
at least 1 day apart. All statistical analyses were performed
in GraphPad Prism v6 and Microsoft Excel (Office 365).

Results

The method presented in this paper showed good specificity
for all compounds due to the use of a single quadrupole sys-
tem in SIR mode (Fig. 2), with all peaks being completely
resolved from surrounding peaks and showing good signal
to noise in the linear range.

Instrument limits of detection were 152, 610, 152, 152,
610, 38.10, 23.12 and 92.5 pg/mL for SA, IAA, zeatin, JA,

GA3, ABA, 2-iP, and BA, respectively. Method detection
limits were found to be 50.65 ng/g, 203.4 ng/g, 50.65, ng/g,
50.65 ng/g, 203.4 ng/g, 12.7 ng/g, 193 pg/g and 3.08 ng/g.
The linear range (lower limit of quantification; LLOQ-upper
limit of quantification; ULOQ) for each analyte was 6.1 ng/
mL-25 pg/mL, 24.4 ng/mL—6.25 pg/mL, 6.1 ng/mL-25 pg/
mL, 6.1 ng/mL-6.25 pg/mL, 24.4 ng/mL-25 pg/mL,
1.52 ng/mL-1.56 pg/mL, 193 pg/mL-1.56 ug/mL and
3.08 ng/mL—-1.56 pg/mL for SA, IAA, JA, ABA, GA3, zea-
tin, BA and 2-iP respectively. This shows a linear range of
more than four orders of magnitude for all analytes (Table 3).

Excellent reproducibility, presented as % RSD, was dem-
onstrated for all eight PGRs in all of the twelves matrices,
with the cytokinins BA and 2-iP showing the lowest vari-
ability. Calculated values for %RSD spanned between 1-6%
for low spikes and 2-10% for high concentration for SA;
from 2 to 8% and 5-6% in low and high spikes respectively
for TAA; 1-8% and 2—4% for JA; 3—5% and 1-4% for ABA;
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Fig. 2 Overlay of PGRs chromatograms. Salicylic acid (a); indole-
3-acetic acid (b); zeatin (c); gibberellic acid (d); abscisic acid (e); jas-
monic acid (f); 6-benzylaminopurine (g); 6-(y,y-dimethylallylamino)

T
320

purine (h). Different colours indicate different channels (created in
Empower 3, Waters). (Color figure online)

Table 3 Summary of retention

. s of A Analyte Retention Instrument Method Instrument Method Instrument Method
time, limits of detection (LOD) time (min) LOD (pg/  LOD LLOQ (ngy LLOQ  ULOQ (ug/ ULOQ
and quantification (LOQ) for all mL) (ng/
Co g/g) mL) (ng/g) mL) (ng/e)
analytes investigated
SA 1.08 152 50.65 6.1 203.3 25 833
TIAA 1.13 610 203.4 24.4 810.0 6.25 208.3
JA 3.10 152 50.65 6.1 203.3 25 833
ABA 2.98 152 50.65 6.1 203.3 6.25 208.3
GA3 2.90 610 203.4 24.4 810.0 25 833
Zeatin  2.88 38.10 12.7 1.52 50.65 1.56 52
BA 3.60 23.12 0.193 0.0925 3.08 1.56 52
2-iP 3.66 92.5 3.08 0.381 12.7 1.56 52

ABA abscisic acid, BA benzylaminopurine, GA3 gibberellic acid, JAA indole-3-acetic acid, 2-iP 6-(y,y-
dimethylallylamino)purine, JA jasmonic acid, LLOD lower limit of detection, LLOQ lower limit of quanti-
fication, ULOQ upper limit of quantification, SA salicyclic acid
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2—-10% and 1-8% for GA3; 1-6% and 1-3% for zeatin; 2-5%
and 0-3% for BA and 1-3% and 0—4% for 2-iP (Tables 4, 5,
6,7,8,9,10,11).

Recovery was also good for all matrices and across all
of the PGRs tested. Artemisia and fennel matrices showed
the greatest variability with average percent recovery differ-
ing by more than 10% in several analytes (SA, IAA, GA3,
BA and 2-iP), though none was ever greater than 16%. Low
concentration spike recoveries ranged from 90% in Artemi-
sia root to 110% in fennel seed for SA; 95-118% for IAA
(banana root and Artemisia shoot); 81-90% for JA (Artemi-
sia root and fennel seed); 84—104% for ABA (SJW root and
fennel seed); 88—103% for GA3, with SJW root, elm shoot
and tobacco shoots all showing 84% average recovery at the
low end and Artemisia root at the high end; 85-101% for
zeatin (STW root and fennel seed); 86—114% for BA (SJW
and Artemisia shoot); and 91-112% for 2-iP (banana and
Artemisia shoot).

At high concentration recoveries were similar with val-
ues of 92—-111% for SA (Artemisia shoot and fennel seed);
89-110% for IAA (fennel seed and Artemisia root); 80-93%
for JA (Artemisia rood and fennel seed); 97-105% for ABA
with both SJW root and African violet shoot showing per-
cent average recoveries of 97% and fennel seed being 105%;
99-111% for GA3 (tobacco shoot and Artemisia root);
93-107% for zeatin (SJW root and Artemisia root); 93—-106%
for BA (SJW shoot and fennel seed); and 94-116% for 2-iP
(banana shoot and Artemisia shoot) (Tables 4, 5, 6,7, 8, 9,
10, 11).

Inclusion of ASA into the existing method was possible
with no changes to the previously described method, and
could be monitored in the channel used for SA quantifica-
tion. Inclusion of the jasmonates JA-Ile and OPDA were
included with only minor modifications to the method.
Addition of a 0.5 min hold at 95% MeOH, and addition of
separate channels for mass to charge ratios specific to each

Table 4 Recovery data for

RS . Species Tissue Low recovery Low recovery  High recovery High recov-
sahcyllc acid (SA) in Plant . average (%) %RSD average (%) ery %RSD
matrices at low and high spike
concentrations SIW Shoot 108 2 99 4

SIw Root 101 2 97 4
African violet Shoot 98 2 97 4
Banana Shoot 98 3 96 4
Banana Root 98 3 97 4
Elm Shoot 99 2 96 4
Tobacco Shoot 95 3 94 4
Tobacco Root 94 3 93 4
Potato Shoot 96 5 93 4
Artemisia Shoot 96 6 92 4
Artemisia Root 90 3 99 10
Fennel Seed 110 1 111 2
Table ,5 RF’C"VCT,Y dqta indole- Species Tissue Low recovery Low recovery High recovery High
3'“?“0 acid (auxin) m plagt average (%) %RSD average (%) recovery
matrices at low and high spike %RSD
concentrations
SIw Shoot 96 5 92 6
SIwW Root 96 5 93 6
African violet Shoot 99 5 96 6
Banana Shoot 95 5 95 6
Banana Root 107 8 94 6
Elm Shoot 98 4 95 5
Tobacco Shoot 100 5 95 6
Tobacco Root 107 4 98 6
Potato Shoot 110 4 102 6
Artemisia Shoot 118 4 104 6
Artemisia Root 114 3 110 5
Fennel Seed 108 2 89 6
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Table 6 Re.covery .data Species Tissue Low recovery Low recovery High recovery High
Jasmonic acid (JA) 1n.p1ant . average (%) %RSD average (%) recovery
matrices at' low and high spike %RSD
concentrations
SIW Shoot 87 2 89 2
SIW Root 86 2 87 3
African violet Shoot 85 2 86 3
Banana Shoot 85 2 87 3
Banana Root 92 8 86 3
Elm Shoot 85 3 85 3
Tobacco Shoot 84 2 83 3
Tobacco Root 83 2 83 3
Potato Shoot 82 3 82 3
Artemisia Shoot 85 4 83 4
Artemisia Root 81 2 80 3
Fennel Seed 90 1 93 2
Tab!e .7 Recovery d'fna Species Tissue Low recovery Low recovery High recovery High
absqsw acid (ABA) m plan.t average (%) %RSD average (%) recovery
matrices at. low and high spike %RSD
concentrations
SIW Shoot 93 5 100 4
SIW Root 84 4 97 3
African violet Shoot 87 4 97 2
Banana Shoot 87 4 99 3
Banana Root 89 4 98 3
Elm Shoot 88 4 99 3
Tobacco Shoot 90 4 99 3
Tobacco Root 91 3 100 3
Potato Shoot 93 3 101 2
Artemisia Shoot 96 3 104 2
Artemisia Root 95 3 104 2
Fennel Seed 104 3 105 1
Table 8 ‘Recc.)very data. Species Tissue Low recovery Low recovery High recovery High
glbbt'erelhc acid (GA3,) m pl.ant average (%) %RSD average (%) recovery
matrices aF low and high spike %RSD
concentrations
SIw Shoot 92 2 102 2
SIwW Root 88 2 101 1
African violet Shoot 92 4 100 2
Banana Shoot 86 2 102 2
Banana Root 98 10 102 1
Elm Shoot 88 2 100 1
Tobacco Shoot 88 2 99 1
Tobacco Root 89 3 100 1
Potato Shoot 92 4 101 1
Artemisia Shoot 92 5 103 1
Artemisia Root 103 10 111 8
Fennel Seed 98 3 103 2
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Table 9 Regovery data zeatin Species Tissue Low recovery Low recovery High recovery High

E: p&ant.ll(natrlces at lqw and average (%) %RSD average (%) recovery

gh spike concentrations %RSD

SIW Shoot 90 6 96 2
SIW Root 85 5 93 2
African violet Shoot 90 6 99 2
Banana Shoot 89 6 97 1
Banana Root 93 6 99 1
Elm Shoot 92 5 102 1
Tobacco Shoot 93 5 101 1
Tobacco Root 96 6 102 1
Potato Shoot 97 6 106 3
Artemisia Shoot 97 5 104 2
Artemisia Root 99 5 107 1
Fennel Seed 101 1 105 5

Table 10 Recovery data benzylaminopurine (BA) in plant matrices
at low and high spike concentrations

Species Tissue Low Low High High
recovery  recovery  recovery  recovery
average %RSD average %RSD

SIW Shoot 86 3 93 3

SIW Root 97 3 96

African Shoot 93 3 95

violet

Banana Shoot 96 3 97 1

Banana Root 98 3 96 1

Elm Shoot 100 3 99 1

Tobacco Shoot 101 3 102 1

Tobacco Root 107 3 104 1

Potato Shoot 104 2 104 2

Artemisia Shoot 114 5 105 2

Artemisia  Root 107 2 105 1

Fennel Seed 98 3 106 2

jasmonate allowed for inclusion of these important plant
signaling molecules (Table 12) (Figs. 3, 4).

Discussion

Phytohormones, plant hormones, or PGRs are defined by
their roles as signaling molecules and by their activity at
very low concentrations. This aspect of low biological con-
centrations makes them innately more difficult to quantify
in tissues as compared to other phytochemicals such as pig-
ments, carbohydrates or phenylpropanoids which play struc-
tural and functional roles in plants and are present in very
large quantities. Due to their essential and significant effects
in plants, however, the presence of PGRs in tissues and the
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quantities at which they are present can be a source of infor-
mation in deciphering not only the likely growth outcome of
a plant, but also the mechanisms underlying morphogenetic
and developmental responses (Werner and Schmiilling 2009;
Enders and Strader 2015).

In vitro culture or plant tissue culture depends on the
exogenous application of PGRs to achieve desired diverse
morphogenetic outcomes and has applications which span
from protoplast isolation and development, to large scale
bioreactor production of thousands, even millions of plants
(Arteca 1996; Gaspar et al. 1996; Murch et al. 2004; Jones
et al. 2014). An understanding of the underlying mecha-
nisms which mediate these processes can not only allow
researchers much insight into how these processes occur in
plant processes but also allow for the faster development
of new protocols and improvement of existing protocols,
through an understanding of the fundamental biological
interactions which govern these processes. In particular, the
ability to determine endogenous concentrations of PGRs in
recalcitrant species provides a valuable tool in the culture
protocol development pipeline, and may allow for enhanced
efficiency of protocol development by streamlining the num-
ber of factors which are tested e.g. incorporation of PGR
inhibitors or PGR supplementation levels.

Though the importance of the presence and quantities
of PGRs in plant tissues and cultures has been recognized,
the ability to conduct these experiments is often out of
reach for plant science labs. This may be due to various
factors such as lack of funding for expensive and spe-
cialized equipment, a lack of expertise or experience or
requirements for complex or hazardous chemical extrac-
tion procedures. A significant consideration in designing
any experiment, therefore, is access to equipment, simplic-
ity of analysis and user expertise. The method presented in
this paper is simple and straightforward to complete and
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Table 1 Recm./er y dat.a 6-(v.y- Species Tissue Low recovery Low recovery High recovery High
dln}ethylallylamlno?purme average (%) %RSD average (%) recovery
(2-iP) in plant matrices at low %RSD
and high spike concentrations
SIw Shoot 98 1 102 1
SIw Root 103 1 105 1
African violet Shoot 101 1 105 1
Banana Shoot 91 3 94 2
Banana Root 108 1 109 0
Elm Shoot 105 2 108 1
Tobacco Shoot 108 2 110 0
Tobacco Root 111 2 112 0
Potato Shoot 111 2 110 1
Artemisia Shoot 112 2 116 4
Artemisia Root 110 2 112 1
Fennel Seed 101 1 99 2
Table 12 Summar)f of changes Analyte Retention time m/z Ionization mode Cone voltage Changes to LC method?
to the methods required for (min) V)
addition of phytohormone
derivatives ASA 0.93 137 ESI+ 10 None
OPDA 4.05 291 ESI- 15 Extend gradient to 5 min
JA-Ile 3.88 322 ESI- 15 Extend gradient to 5 min
ASA acetyl salicylic acid, OPDA 12-oxophytodienoic acid, JA-Ile jasmonic acid isoleucine
awaé a
3x105-i b
g mos—f
1x106~f

T
0.00 0.10

Minutes

Fig. 3 Chromatogram of acetyl salicylic acid (a) added to salicylic acid (b) channel (created in Empower 3, Waters)

employs a user friendly analytical system which does not
require in-depth analytical chemistry experience on the
part of the user, or use of complex extraction procedures.
Unlike other published protocols which may require spe-
cialized extraction equipment such as is required for solid
phase extraction (SPE) or difficult to handle or hazard-
ous chemicals such as ethers or ethyl acetate, this method
requires a single extraction step with a relatively inexpen-
sive and easily disposed extraction solvent and does not
require further solvent removal or sample concentration
prior to analysis. Additionally, due to the relatively low
cost of the system this method may be more accessible
than comparable methods on tandem and time of flights
mass spectrometry systems, while still providing a large

increase in sensitivity and selectivity (Bu et al. 2016)
(Table 2; Fig. 2).

Due to the chemical diversity of plant species, and even
of tissues within a given species, this report utilized twelve
different plant matrices. These matrices were chosen to rep-
resent species which spanned agricultural, medicinal and
model species and investigated three different tissue types:
roots, shoots (considered to be leaves and stems) and seed,
which represent different chemical environments within
a plant. A total of eight species from seven plant families
are represented. This method was found to be highly repro-
ducible across all PGRs and tissues tested. The cytokinins
showed the lowest variability with %RSD as low as 0% in
the high concentration spikes and 1% in low concentration

@ Springer
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Fig. 4 Chromatograms for individual jasmonate. Top jasmonic acid isoleucine, middle 12-oxo-phytodienoic acid, bottom jasmonic acid (created

in Empower 3, Waters)

spikes, however, all analytes and matrices showed very good
reproducibility with variability of no more than 10% in any
given sample matrix. This demonstrates that this method can
be utilized across a diversity of plant samples for repeated
experiments and achieve consistent results.

Recovery data demonstrated the accuracy of the method
with all recoveries being well within 20% of the known
concentration spiked into the matrix for both low and high
concentrations. Matrices did not appear to have a significant
effect on any analyte in this method, therefore this method is
accurate for the quantification of PGRs in a wide diversity
of species and tissue types.

Though this method is validated for the quantification of
several primary plant growth regulators in plants tissues,
oftentimes the primary form which may be used for treat-
ment in tissue culture is not the biologically active form,
or there may exist other synthetic derivatives of a PGR. In
this case it may be desirable to also investigate the pres-
ence and quantity of these compounds in the sample. Two
such examples, which were investigated in this study, are
the jasmonates OPDA and JA-Ile and the salicylate ASA
(Fig. 1). Though JA is often used in the treatment of plants,

@ Springer

it is not the bioactive form in plant tissues. In planta, the JA
conjugate JA-Ile, is the bioactive form which is involved in
many plant processes, while OPDA is the main biosynthetic
precursor for JA, with these compounds playing important
roles with regards to plant defense and immunity (Sherif
et al. 2016). ASA is a synthetic derivative of SA, which has
been used in numerous plant tissue culture experiments and
has in some cases been found to have enhanced or differen-
tial activity as compared to its endogenous relative, possibly
due to differences in bioavailability or differential induction
of signaling cascades (Hutchinson and Saxena 1996). It is,
therefore, often desirable to identify and quantify these com-
pounds or other PGR derivatives in plant tissues to allow for
investigation of these processes. Through inclusion of ASA
with no modification to the method parameters and inclu-
sion of JA-Ile and OPDA with only minor modifications,
this method has proven to be an excellent starting point for
development of methods for the inclusion of other PGRs.
This could be particularly applicable for other classes of
PGRs with diverse chemicals structures, such as auxins e.g.
indole-3-butyric acid (IBA) and 2,4-dichlorophenoxyacetic
acid (2,4-D) or gibberellins e.g. gibberellic acid 1 (GA1) or
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gibberellic acid 4 (GA4), for example. A number of com-
pounds are currently used in in vitro propagation of plant
species mechanism of whose action involves modulation
of endogenous auxin, cytokinin or ethylene complement.
The efficacy of such compounds can be further increased
with knowledge of accurate levels of PGRs in cultured cells
tissues.

Conclusion

This report presents a rapid method for the analysis for the
major classes of plant growth regulators which are utilized in
plant biology and plant tissue culture systems. It requires a
relatively simple, low-risk and low cost platform for analysis
and does not require extensive analytical chemistry knowl-
edge on the part of the operator. Additionally, it has been
demonstrated, through the addition of three PGR deriva-
tives, to be an excellent starting point for the development
of further methods. This, therefore, will provide a new tool
in overcoming recalcitrance in plant tissue culture and help
to enable plant science researchers to further understand the
phytochemical landscape, particularly with respect to PGRs
and help to increase understanding and efficiency of plant
morphogenetic systems.
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